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Abstract
In this work we review the theories of origin of matter-antimatter asymmetry in the Universe.
The general conditions for achieving baryogenesis and leptogenesis in a CPT conserving field theory
have been laid down by Sakharov. In this review we discuss scenarios where a background scalar
or gravitational field spontaneously breaks the CPT symmetry and splits the energy levels between
particles and anti-particles. Baryon or Lepton number violating processes in proceeding at thermal
equilibrium in such backgrounds gives rise to Baryon or Lepton number asymmetry.
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1. INTRODUCTION
It is largely accepted that General Relativity is the best (self-consistent) theory of grav-
ity. It dynamically describes the space-time evolution and matter content in the Universe
and is able to explain several gravitational phenomena ranging from laboratory and solar
system scales (where it has been mainly tested) to astrophysical and cosmological scales.
On cosmological scales, the cornerstone of General Relativity is represented by Hubble ex-
pansion, the Big Bang Nucleosynthesis, i.e. the formation of light elements in the early
Universe, and cosmic microwave background (CMB) radiation. Despite these crucial predic-
tions, Einstein’s theory of gravity is in disagreement with the increasingly high number of
observational data, such as those coming for example from SNIA-type, large scale structure
ranging from galaxies up to galaxy super-clusters, provided by the advent of the Precision
Cosmology and the achievement of high sensitivity of experiments. The experimental evi-
dences that the observable Universe is at the moment expanding in an accelerating phase
[1, 2] represents without any doubts the most exciting discovery of the modern Cosmology.
As a consequence of this discovery, there has been in the last years more and more interest
to understand the evolution not only of the early Universe, but also of the present Universe,
and for this formidable task new ideas and theories beyond the standard Cosmology and
particle physics have been proposed. Attempts to explain the recent observational data and
at the same time try to preserve the conceptual structure of General Relativity, lead cos-
mologists to introduce two new fundamental concepts: Dark Matter (DM) and Dark Energy
(DE). Observational data indicate that a huge amounts of DM and DE are indeed needed
to explain the observed cosmic acceleration of the Universe in expansion (as well as all new
observational data), and at the moment there are no experimental and theoretical evidence
that definitively shed some light on such mysterious components (see [3–16] for DE reviews
and [17–26] for DM reviews, and references therein). Moreover, recent data suggest that
also in the very early epoch, the Universe was in an accelerated phase. This era is called
Inflation, and is able to to solve the problems that affect the standard cosmological model
(the Cosmology based on General Relativity): 1) The flatness of the Universe, that is why
Ω = ρ/ρc ≃ O(1). Here ρ is the average cosmological energy density, and ρc = 3H2m2P/8π
the critical density. 2) The problems of homogeneity, isotropy, and horizon (which created
headache in the frameworks of the standard Friedman-Robertson-Walker (FRW cosmology).
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Inflation provides a natural mechanism of generation of small density perturbations with al-
most flat spectrum[203]. This agrees with observations. In order to solve all problems of
standard FRW cosmology, it is required that the duration of Inflation is
N ≡ Ht ∼ 70− 100 . (1)
At the end of the Inflationary epoch, according to the standard cosmological model, the
Universe is in a cold, low entropy state, and appears baryon symmetric, that is the same
amount of matter and antimatter. On the contrary, the present Universe looks baryon asym-
metric. The issue that one has to solve is about the physical mechanism occurred during
the Universe evolution for which it ends up being matter dominated. Equivalently, what
about anti-matter? Theories that try to explain how the asymmetry between baryon and an-
tibaryon was generated in the early phases of the Universe evolution are called baryogenesis.
They represent a perfect interplay between particle physics and cosmology.
The parameter characterizing the baryon asymmetry is defined as
η′ ≡ nB − nB¯
nγ
,
where nB (nB¯) is the number of baryons (antibaryon) per unit volume, and nγ =
2ξ(3)T 3
π2
is the photon number density at temperature T . A different definition of the parameter η
that refers to the entropy density
s =
2π2
45
geffT
3 = 7.04nγ , (2)
geff = gγ +
T 3ν
T 3γ
gν , is given by
η ≡ nB − nB¯
s
=
1
7.04
η′ .
Finally, the baryon asymmetry can be also expressed in term of the baryonic fraction ΩB =
ρB/ρc, i.e.
η = 2.74× 10−8ΩBh2 ,
where h = 0.701± 0.013 is the present Hubble parameter.
The physics of the CMB temperature anisotropies, which are related to the acoustic
oscillations of baryon-photon fluid around the decoupling of photons, provides a strong probe
of the baryon asymmetry. In fact, the observation of the acoustic peaks in CMB measured
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by WMAP satellite [27], when combined with measurements of large scale structures, leads
to following estimation of the parameter η
η(CMB) ∼ (6.3± 0.3)× 10−10 0.0215 ≤ ΩBh2 ≤ 0.0239 (3)
An independent measurement of η can be carried out in the framework of the BBN [28],
that gives
η(BBN) ∼ (3.4− 6.9)× 10−10 0.017 ≤ ΩBh2 ≤ 0.024 . (4)
It is remarkable that two completely different probes of the baryon content of the Universe
(the synthesis of light elements occurred during the first 3 minutes of the Universe evolution,
and the the photons decoupling occurred when the Universe was 400 thousand years old)
give compatible results. This represents one of the great success of modern Cosmology.
Although many mechanisms have been proposed, the explanation of the asymmetry be-
tween matter and antimatter is still an open problem of the modern Cosmology and Particle
Physics. In this review we discuss some general topics related to the baryogenesis. The work
is divided in two parts. In the first part we recall some models of baryogenesis/leptogenesis,
which are mainly based on particle physics (essentially GUT and SUSY). In the second
part we discuss different approaches to the baryon asymmetry which rely on the coupling
of baryon/lepton currents with the gravitational background. Particular attention will be
devoted to the mechanism based on the spin-gravity coupling of neutrinos with the gravita-
tional waves of the cosmological background, which are generated by quantum fluctuations
of the inflation field during the inflationary era.
2. SOME TOPICS OF BARYOGENESIS AND LEPTOGENESIS
In this Section, we recall some general topics of Baryogenesis and Leptogenesis. More
details can be found in [29–34].
Standard cosmological model is unable to explain the so small magic value of the baryon
asymmetry (Eqs. (3) and (4)) and why the Universe starting from an initial baryon sym-
metry (nB = nB¯) evolves in a final state such that matter dominates over antimatter
(nB ≫ nB¯).
4
2.1. The Sakharov conditions
As pointed out by Sakharov [36], in a CPT conserving theory a baryon asymmetry B
may be dynamically generated in the early Universe provided that:
1) There exist interactions that violate the baryon number B. Baryon number violating
interactions are required because one starts from a baryon symmetric Universe (B = 0)
to end in a baryon asymmetric Universe (B 6= 0). Direct experimental proofs that
baryons are not conserved are still missing. From a theoretical point of view, both GUT
and the standard electroweak theory (via sphaleron processes) give non conservation
of baryon number (notice that another possibility to break all global charges and in
particular the baryon charge is related to gravity, as discussed in Ref. [37]).
2) The discrete symmetries C and CP must be violated. This condition is necessary in
order that matter and antimatter can be differentiated, as otherwise B non-conserving
interactions would produce baryons and antibaryons at the same rate thus maintaining
the net baryon number to be zero. In contrast to non-conservation of baryons, the
breaking of CP -symmetry was discovered in direct experiment (CP violation has been
indeed observed in the kaon system).
The C and CP violation imply that B/L violating reactions in the forward and reverse
channels do not cancel (L stands for Lepton number). To see this, consider the process:
X → Y +B, where X is the initial state with B = 0, Y the final state with B = 0, and
B the excess baryon produced. Suppose that C is a symmetry. Then the C-conjugate
process is characterized by the fact that
Γ(X → Y +B) = Γ(X¯ → Y¯ + B¯) .
The net rate of baryon production evolves in time as
dB
dt
∝ Γ(X¯ → Y¯ + B¯)− Γ(X → Y +B) = 0 if C is a symmetry
Similar arguments hold for CP symmetry. Therefore both C and CP discrete sym-
metry violation are required to generate a net baryon asymmetry.
3) Departure from thermal equilibrium: This condition is required because the statistical
distribution of particles and anti-particles is the same if the Hamiltonian commutes
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with CPT , i.e. [H,CPT ] = 0, which implies nB = nB¯. Hence only a departure from
thermal equilibrium, which means that the form of nB,B¯ has to be modified, can allow
for a finite baryon excess (so that nB − nB¯ 6= 0).
More specifically, consider again the process X → Y +B. If the process is in thermal
equilibrium, then by definition
Γ(X → Y +B) = Γ(Y +B → X) ,
so that no net baryon asymmetry can be produced since the inverse process destroy
B as fast as the forward process creates it (see also Appendix A).
However, as discussed in the seminal paper by Cohen and Kaplan [38], it is possible to
generate lepton/baryon asymmetry at thermal equilibrium (without requiring CP violation).
The reason is due to the general result that in an expanding Universe at finite temperature,
CPT is not a good symmetry, i.e. CPT can be (spontaneously) violated. The third Sakharov
criterion is therefore violated. As before pointed out, in fact, CPT invariance requires that
the baryon number must be generated out of thermal equilibrium, but CPT invariance
requires that the thermal distribution of baryon and anti-baryon will be identical. This
condition fails if there is a spontaneous CPT violation in the theory which modifies the
baryon-antibaryon spectrum. As a consequence one obtains Eparticle 6= Eantiparticle which
implies nB − nB¯ 6= 0.
The CPT violation allows for the generation of the baryon asymmetry during an era
when baryon(lepton) violating interaction are still in thermal equilibrium. The asymmetry
gets frozen at the decoupling temperature Td when the baryon(lepton) violation goes out
of equilibrium. The decoupling temperature is calculated by equating the interaction rate
of processes Γ and the expansion rate of the Universe represented by the Hubble constant
H , Γ(Td) ≃ H(Td). The scenario underlying these processes in an expanding Universe can
be schematized as follows: in the regime Γ ≫ H , or T > Td B-asymmetry is generated by
B-violating processes at thermal equilibrium; at T = Td, i.e. Γ ≃ H , the decoupling occurs,
and finally when Γ < H , or T < Td the B-asymmetry gets frozen.
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2.2. Leptogenesis scenario
Leptogenesis is a mechanism, proposed by Fukugita and Yanagida, that allows to convert
the lepton asymmetry to baryon asymmetry via electroweak (EW) effects. Even if the
baryon number is conserved at high scales, it is possible to generate the baryon asymmetry
in the present Universe if lepton asymmetry is generated at either GUT or intermediate
scales. This idea attracted much attention in view of discovery of a possible lepton number
violation in the neutrino sector [39, 40]. For a recent review see [41, 42] (the role of neutrinos
in cosmology has been recently treated in [43]).
The Leptogenesis scenario is the simplest extension of the standard model able to realize
the Sakharov conditions for explaining the matter antimatter asymmetry in the Universe.
In this model, the standard model is modified by adding right handed neutrinos which
permit the implementation of the see-saw mechanism and provide the explanation of light
mass of the standard model neutrinos. At the same time, the augmented model is able to
spontaneously generate leptons from the decays of right handed neutrinos.
For later convenience, we shall discuss in a nutshell the Leptogenesis scenario. The
leptonic Lagrangian density is given by (here we follow [44])
L = h∗β(L¯β φc∗)Eβ − λ∗αk(L¯α φ∗)Nk −
1
2
N¯jMjN
c
j + h.c. (1)
In this expression L is the Standard Model left-handed doublet, E is the right-handed singlet,
Nj are the singlet fermions (Majorana neutrinos), α, β are the flavor indices of the Standard
Model, i.e. α, β = e, µτ , M is mass matrix and λ Yakawa matrices. Equation (1 is written
in a basis where the coupling h and the mass matrix M are diagonal and real, whereas λ
is complex. This Lagrangian leads, once the heavy fermions Ni are integrated out, to the
effective light neutrino masses (see-saw mechanism): mν αβ = λαkM
−1
k λβk. The Lagrangian
(1) satisfies the Sakharov conditions. In fact it violates the leptonic number L due to λ- and
M-terms; CP is violated through the complex Yukawa coupling λαk; Since the interactions
are only determined by Yukawa’s interaction terms, the smallness of these couplings may
provide the right conditions for which the interaction rates are smaller than the expansion
rate of the Universe, establishing in such a way the condition for the out of equilibrium (i.e.
the heavy Majorana fermions can decay out of equilibrium).
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For simplicity consider the lightest Majorana singlet N1. It may decay in two channels
N1 → Lαφ , N1 → L¯αφ† . (2)
As a consequence of the N1 decay, the net baryon asymmetry can be generated. The
parameter η turns out to be
η ≃ 135ζ(3)
4π4g∗
Csphηeffǫ . (3)
Here ηeff is the efficiency factor which assumes the value in the range 0 < ηeff < 1 (owing
to inverse decays, washout processes and inefficiency in N1 production). Below to the free-
out temperature TF , the temperature for which Γ(φL → N1) < H , where Γ(φL → N1) ≃
1
2
ΓDe
−M1/T , with
ΓD =
(λ†λ)11M1
8π
, (4)
and H is the expansion rate of the Universe during the radiation dominated era,
H = 1.66g1/2∗
T 2
M2P
, (5)
the density of the fermion N1 is Boltzmann suppressed (N1 ∼ e−M1/T ). Therefore, below TF
the decay of N1 contribute to the lepton asymmetry, and the efficiency factor is
ηeff ≃ nN1(TF )
nN1(T ≫ M1)
≃ e−M1/TF ≃ m∗
m˜
, m˜ < m∗ , (6)
where
m˜ ≡ 8πv
2
M21
ΓD =
(λ†λ)11v
2
M1
, m∗ ≡ 8πv
2
M21
H(T = M1) ≃ 1.1× 10−3eV . (7)
Csph is a factor that takes into account the dilution of the asymmetry due to fast processes.
Finally ǫ is the CP parameter related to the asymmetry in the N1 decays and defined as
ǫ =
Γ(N1 → φL)− Γ(N1 → φ†L¯)
Γ(N1 → φL) + Γ(N1 → φ†L¯) . (8)
Its non vanishing value arises from the interference of three level and one loop amplitudes
(complex Yakawa couplings). One gets
ǫ =
1
8π
1
(λ†λ)11
∑
j
Im
{[
(λ†λ)1j
]2}
g(xj) , (9)
where
g(x) =
√
x
[
2− x
1− x − (1 + x) ln
1 + x
x
]
, xj ≡
M2j
M21
.
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Taking into account Eqs. (6), (9) and (7), the net lepton asymmetry is
η ≃ 10−310
−3eV
m˜
ǫ . (10)
Leptogenesis is then related to Baryogenesis by a phenomenon that happens in the currently
accepted Standard Model. Indeed, certain non-perturbative configurations of gauge fields,
the sphalerons, can convert leptons into baryons and vice versa. These processes that violate
B+L and conserve B−L occur at the electroweak scale. Under normal conditions sphalerons
processes are unobservably rare due to the fact that the transition rates are extremely small
Γ ∼ e−16π2/g2 ∼ O(10−165), hence are completely negligible in the Standard Model (at
T = 0). However as emphasized by Kuzmin, Rubakov, and Shaposhnikov [40], in the
thermal bah provided by the expanding Universe, thermal fluctuations becomes important
and B + L violating processes can occur at a significant rate and these processes can be in
equilibrium in the expanding Universe (see B).
Finally from (10) it follows that by requiring η ∼ 10−10 the lower bound of the mass of
the Majorana neutrinos N1 is
M1 & 10
11GeV , (11)
where the light value of the neutrino mass has been used: m˜ ≃ (10−3 − 10−1)eV.
2.3. Models of Baryogenesis
Many models aimed to explain the generation of the baryon asymmetry have been pro-
posed in literature. These are GUT Baryogenesis, Affleck-Dine Baryogenesis and Affleck-
Dine Leptogenesis, Leptogenesis from heavy Majorana neutrinos, Leptogensis from νR oscil-
lation, Thermal baryogenesis, Electroweak baryogenesis, Spontaneous baryogenesis, Baryo-
genesis through evaporation of primordial black holes. Details of such mechanisms can be
found in [29–33, 45] and references therein. Here we list some of them in Table I.
• GUT-Baryogenesis or decay of heavy particles:
Consider the X-boson decays in two channels X → 2q and X → 2q¯, with the prob-
abilities given by PX→2q 6= PX→2q¯ due to CP violation. This implies the excess of
baryons over anti-baryons. In the original scenario of GUT baryogenesis one uses the
heavy gauge bosons X and Y (leptoquarks), which decay while they decouple from
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equilibrium. This is called delayed decay scenario. It was soon realized that this boson
gauge decay does not produce the required baryon asymmetry because that the X and
Y boson masses predicted are too low to satisfy the out-of-equilibrium condition (in
non-SUSY GUT). The alternative scenario was to use decays of coloured Higgs parti-
cles. If more than two Higgs particles exist, sufficiently large baryon asymmetry can
be generated (provided that the Kuzmin, Rubakov, Shaposhnikov effect is switched
off).
• SUSY: Supersymmetry actually opens a number of options. Since Supersymmetry
extends the particle content of the theory near the EW scale, the possibility of a
strong EW phase transition cannot yet be completely excluded. This revives the hope
of explaining baryon asymmetry entirely within the MSSM.
Affleck-Dine scenario (1985): This scenario is based on the observation that in SUSY
theories ordinary quarks and leptons are accompanied by supersymmetric partners
- s-quarks and s-leptons - which are scalars. The corresponding scalar fields carry
baryon and lepton number, which can in principle be very large in the case of a scalar
condensate (classical scalar field). An important feature of SUSY theories is the exis-
tence of flat directions in the superpotential, along which the relevant components of
the complex scalar fields ϕ can be considered as massless. The condensate is frozen
until supersymmetry breaking takes place. Supersymmetry breaking lifts the flat di-
rections and the scalar fields acquire mass. When the Hubble constant becomes of the
order of this mass, the scalar fields starts to oscillate and decays. At this time, B, L,
and CP violating terms (for example, quartic couplings λ1ϕ
3ϕ∗+ c.c. and λ2ϕ
4+ c.c.,
with complex λ1,2) becomes important and a substantial baryon asymmetry can be
produced. The scalar particles decay into ordinary quarks and leptons transferring to
them the generated baryon asymmetry.
The Affleck-Dine mechanism can be implemented at nearly any energy scale, even
below 200 GeV. By suitable choice of the parameters one can explain almost any
amount of baryon asymmetry and this lack of a falsifiable prediction is an unattractive
feature of the Affleck-Dine mechanism.
• Electroweak baryogenesis (∼ TeV ): The asymmetry is generated by phase transitions
involving SU(2)×U(1) breaking. The EWBG is assumed to occur during the radiation
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dominated era of the early Universe, a period in which the SU(2)L×U(1)Y electroweak
symmetry is manifest. As the temperature falls down the EW scale (TEW ∼ 100GeV),
the Higgs field acquires an expectation value and the electroweak symmetry is sponta-
neously broken to the subgroup U(1). The EWBG occurs during this phase transition,
and in order that it could be an available mechanism, it is required that the transi-
tion is of the first order. Remarkably the EWBG satisfies all the three Sakharov’s
conditions: 1) The rapid sphaleron transitions in the symmetric phase provide the
required violation of the baryon number; 2) The scattering of plasma with bubble
walls generates the C and CP asymmetry of the number of particles if the underlying
theory does contain terms that violate these discrete symmetries (these processes bias
the sphalerons to create more baryon than anti-baryons); 3) The rapid expansion of
bubble walls through the plasma induces the departure from the thermal equilibrium.
All these conditions are fulfilled by the Standard Model. However, EWBG is unable
to explain the observed baryon asymmetry of the Universe if it is only based on the
Standard Model. The reason is due to the fact that EW phase transition in the Stan-
dard Model is of the first order if the Higgs mass is constrained by mH . 70GeV, in
disagreement with experimental lower bound obtained from LEP II experiment, i.e.
mH & 114GeV, as well as, from recent LHC results that give a value of the Higgs mass
near to 125GeV. Recent studies however, open the possibilities to reconsider EWBG
as an available candidate for the generation of baryon asymmetry[46]. Moreover, the
EWBG mechanism is also affected by the problem related to the CP violation because
the latter generated by the Cabibbo-Kobayashi-Maskawa phase is unable to generate
large enough chiral asymmetry. For a recent review on EWBG see[47].
• An interesting idea to mention is the Baryogenesis generated through evaporation of
primordial BHs[48, 49].
3. BARYOGENESIS GENERATED BY COUPLING OF BARYON CURRENTS
AND GRAVITATIONAL BACKGROUND
As we have seen in the previous Section, the Baryo/Leptogenesis is generated in the
framework of particle interactions (essentially GUT and SUSY). The gravitational field
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TABLE I: Models of baryogenesis
Mechanism Model Status/requirement
Electroweak non-SUSY Excluded
(∂µJ
µ
B/L ∼ F 2) mtheoryH < 84GeV
(B − L = 0, B + L 6= 0) mexpH > 114GeV (LEP)
(triangle anomaly) SUSY Marginal
(special choice of parameters,
e.g.
ms-top
mtop
< 1)
Original GUT non-SUSY/SUSY Does not work (the mX,Y
are to low to satisfy the
out equilibrium condition)
Decay of coloured Large baryon asymmetry
Higgs particles can be generated
GUT with Majorana interaction non-SUSY/SUSY valid if 10−2eV< mν < 1eV
(mνMR
> mHiggs coloured)
νR decay leptogenesis non-SUSY/SUSY valid if mν < 10
−3eV
(νM decay violates L-number)
Affleck-Dine baryogenesis SUSY The model allows the so called Q-Balls
(non topological soliton solutions).
ϕ = (ǫαβγ u˜
c
Rαd˜
c
Rβ d˜
c
Rγ)
1/3 Q-balls have long lifetime, and
decay can produce huge amount of entropy
↓ The problem is avoided if parameters are
(flat direction chosen such that ρlighest SUSY particles < ρDM .
of the potential) u˜cR, d˜
c
R = scalar partner of quarks uR, dR ,
α, β, γ= color indices
↑
Affleck-Dine leptogenesis SUSY mν1 ≈ 10−9eV
ϕi = (2φu l˜i)
1/2 φu= Higgs field that gives u-quark mass ,
l˜i=charged scalar-lepton.
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enters marginally in these mechanisms. In the last years, however, many mechanisms have
been proposed in which gravity plays a fundamental role in generating the baryo/leptogenesis
(see Table II). In these models matter or hadron/lepton currents are coupled with some
physical quantity characterizing the gravitational background, such as Ricci curvature or its
derivative, Riemann tensor, gravitational waves (GW),
Lint ∼ J · F , J → ψ¯γµψ, ψ¯γµγ5ψ, φ∂µφ∗, .... , F → R, ∂R, ∂φ, ... .
Typically, the background is the FRW geometry, but there are also models in which the
gravitational background is described by black holes physics.
Gravitational baryogenesis share some basic features of the spontaneous spontaneous
(or quintessential) baryogenesis[38]. In this mechanism scalar fields (or their derivatives)
couple to matter or hadron/lepton current. To illustrate in some detail the spontaneous
baryogenesis, consider a neutral scalar field φ. The interaction between a baryon current JµB
and ∂µφ is
L = 1
Ms
JµB∂µφ , (1)
where Ms characterize is a cut-off scale. In a isotropic and homogenous Universe, like FRW
Universe, φ does only depend on cosmic time, In such a case only the zero component of the
baryon current (J0B = nB with nB the number density of baryons) contribute in (1), L = µnB,
where µ ≡ φ˙/Ms for baryons and µ ≡ −φ˙/Ms for antibaryons. Here is assumed that the
current JB is not conserved and that, of course, φ˙ 6= 0. The coupling (1) therefore gives rise
to an effective chemical potential with opposite sign for B and B¯ leading to a generation
of a net baryon asymmetry even at thermal equilibrium. The latter point bypass the third
Sakharov condition because CPT violation occurs owing the Universe expansion. The scalar
field could also play the role of DE or DM. Models based on spontaneous (quintessence)
baryogenesis are studied in[50–57].
3.1. Gravitational Baryogenesis
The key ingredient for the gravitational baryo/leptogenesis is a CP-violating interaction
between the derivative of the Ricci scalar curvature R and the B(aryon)/L(epton) current
Jµ [58, 59]
Lint = 1
M2∗
√−gJµ∂µR (2)
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TABLE II: Models of gravitational baryogenesis
Coupling η ∼ Comments
Lint ∼ Jµ∂µR R˙ Gravitational Baryogenesis [58]
Jµ∂µR→ E 6= E¯ Lint can be obtained in SUGRA theories from
→ CPT violated higher dimensional operator or in low energy
effective field theory of quantum gravity
Lint ∼ Jµ∂µφ φ˙ Quintessential Baryogenesis [38]
Coupling introduced by hand
(φ scalar field → DE/DM)
Lint ∼ fµ(φ)RR˜ µ
5
H1/2
Leptogenesis from GWs and Inflation [60]
RR˜ = εαβγδRαβ̺σR
̺σ
αβ µ ∼ 1014−17GeV (Supersymmetric GUT)
∂µJ
µ
l ∼ RR˜ (grav. anomalies) CP violation → φ is a complex field (axion) as
in SUGRA/Superstring
Lint ∼ hµνT µν ∼ F5Rψ¯γ5ψ R˙ Gravitational Leptogenesis [61]
(local inertial frame) Tµν = ψ¯(Pf )[F1PµPν + F2σµαq
αPν + F3γ5σµαq
αPν +
+F4(qµqν − gµν) + F5γ5(qµqν − gµν)]ψ(Pi) + (µ↔ ν)
(∇ = ∂,Γ = 0) gµν = ηµν + hµν
gµν(y) = ηµν(x) +
1
2Rµανβ(x) (x − y)α(x− y)β + . . .
where M∗ is the cutoff scale of the effective theory. Lint is expected in a low energy effec-
tive field theory of quantum gravity or Super gravity theories (more specifically it can be
obtained in supergravity theories from a higher dimensional operator in the Ka¨hler poten-
tial). Moreover, it dynamically breaks the CPT in an expanding Universe. In the standard
cosmological model R˙ vanishes during the radiation era (see below). However, (tiny) devia-
tions from General Relativity prevent the Ricci curvature to vanish, as well as its first time
derivative, so that a net lepton asymmetry can be generated.
To generate a B-asymmetry, it is required that there exist B/L-violating processes in
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thermal equilibrium. In this mechanism, the interaction Jµ∂µR gives a contribution to the
energy of particles and antiparticles with opposite sign, and thereby dynamically violates
CPT . This coupling term modifies thermal equilibrium distribution and the chemical po-
tential
µparticle =
R˙
M2∗
= −µanti−particle (3)
driving the Universe towards nonzero equilibrium B/L-asymmetry via the B/L-violating
interactions. Once the temperature drops below the decoupling temperature Td the asym-
metry can no longer change and is frozen. The net asymmetry is
η ≈ R˙
M2∗TD
. (4)
In the cosmological standard model it is assumed that the energy-momentum tensor of
classical fields is described by a perfect fluid
Tµν = diag(ρ,−p,−p,−p) ,
where ρ is the energy density and p the pressure. They are related by the relation p = wρ,
w being the adiabatic index. During the radiation dominated era, the equation of the state
is p = ρ/3, i.e. w = 1/3, and the scale factor evolves as a(t) = (a0t)
1/2. The energy density
of the (classical) radiation is given by
ρr = T00 =
π2g∗
30
T 4 , (5)
whereas the cosmic time is related to the temperature T of the Universe as
1
t2
=
32π3g∗
90
T 4
M2P
. (6)
Moreover, Eq. (5 implies that the expansion rate of the Universe can be written as
H = 1.6g1/2∗
T 2
MP
= − R˙
4R
. (7)
In what follows we shall consider a flat Friedman-Robertson-Walker (FRW) Universe whose
element line is
ds2 = dt2 − a2(t)[dx2 + dy2 + dz2] . (8)
From the above considerations it follows that the trace of the energy-momentum tensor of
(classical) relativistic fields vanishes, T = ρ − 3p = 0. As a consequence one has R =
15
−8πGT µµ = 0, and no net baryon asymmetry may be generated. However, a possibility to
generate the baryon asymmetry is given by the interaction among massless particles that
lead to running coupling constants and hence the trace anomaly [62]
T µµ ∝ β(g)F 2 6= 0 F 2 = F µνFµν .
In a SU(Nc) gauge theory with coupling g and Nf flavors, the effective equation of state is
given by
1− 3w = 5g
4
96π6
[Nc + (5/4)Nf ] [(11/3)Nc − (2/3)Nf ]
2 + (7/2) [NcNf/(N2c − 1)]
+O(g5)
The numerical value of 1 − 3w depends the gauge group and the fermions, and lies in the
range 1− 3w ∼ 10−2 − 10−1. The baryon asymmetry turns out to be η = (1− 3w) T
5
D
M2∗m
3
P
.
Gravitational baryogenesis is conceptually similar to spontaneous baryogenesis [38], see
Eq. (1). However there some basic differences between the two paradigms:
• The scalar field φ has to be added by hand, whereas the term in Eq. (2) is expected
to be present in an effective theory of gravity.
• The scalar field φ must satisfies specific initial conditions, that is to generate a net
asymmetry φ has to evolve homogeneously in one direction versus the other and must
be spatially uniform. In the gravitational baryogenesis, instead, the time-evolution
of R naturally occurs in a cosmological background and it is highly spatially uniform
owing to high homogeneousity of the Universe.
• In the regime in which φ oscillates around its minimum φ˙ is zero, so that the asymmetry
is canceled[63], whereas the mean value of R˙ does not vanish because is proportional
to ∼ H3.
3.2. Genaralised Gravitational baryogenesis
An interesting model related to the gravitational baryogenesis has been provided by Li,
Li and Zhang [51], who consider a generalized coupling of the form
Lint ∼ Jµ∂µf(R) , (9)
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where f(R) is a generic function of the scalar curvature. This function has been chosen as
f ∼ lnR so that the effective interaction Lagrangian density reads
Lint ∼ −c∂µR
R
Jµ , (10)
where c is a constant fixed to in order to reproduce the observed baryon asymmetry. Fol-
lowing the same reasoning leading to (3) one gets
µparticle = −cR˙
R
= −µanti−particle .
During the radiation dominated era one obtains that a net baryon asymmetry can be gen-
erated and is given by
η = − 15gb
4π2g∗
cR˙
RT
∣∣∣
TD
=
15
π2
cgbH(TD)
g∗TD
≃ 0.1c TD
MP
, (11)
where Eq. (5) has been used and TD is the decoupling temperature. Moreover, one can also
determine an order of magnitude of the absolute neutrino mass compatible with the current
cosmological data, i.e. mν ≃ O(1)eV. The idea goes along the line traced in Section 4.1.
In the Standard Model, B − L symmetry is exactly conserved (∂µJµB−L = 0). In [51] the
B − L violation is parameterized by higher dimensional operators, i.e. by the dimension 5
operator L ∼ Cl¯lφ†φ (see Eq. (26)). C is a scale of new physics beyond the Standard Model
which generates the B−L violations, l and φ are the left-handed lepton and Higgs doublets,
respectively. When the Higgs field gets a vacuum expectation value 〈φ〉 = v, the left-
handed neutrino becomes massive mν ≃ Cv. Comparing the lepton number violating rate
induced by the interaction L, Γ ∼ T 3 (Eq. (30)), with the expansion rate of the Universe,
H ∼ T 2 (Eq. (5)), one gets the decoupling temperature below which the lepton asymmetry
is freeze-out, i.e. TD ≃ 1010GeV. The observed baryon asymmetry η ∼ 10−10 follows for
c ∼ O(1). Then, assuming an approximate degenerate masses, i.e. mν1 ∼ mν2 ∼ mν3, one
gets mν .∞eV. The current cosmological limit comes from WMAP Collaboration [64] and
SDSS Collaboration [65]. The analysis of Ref.[64] gives
∑
imνi < 0.69 eV. The analysis
from SDSS gives[65]
∑
imνi < 1.7 eV.
3.3. Baryogenesis in Randall-Sundrum braneworld
The asymmetry baryon-antibaryon can arise in the Randall-Sundrum brane world
model[66] with bulk fields owing to the effects of higher dimensionality. These studies have
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been performed in[67–69]. The total action contains the bulk and brane actions[68, 70]
S = Sbulk(
(5)R,Λ,Φ) + Sbrane(σ) = (12)
=
∫
d5x
√
G
[
M5
2
(5)R(G)− Λ− |∇xMΦ|2
]
+
∫
d4x
√−g [σ + Lmatter] ,
where GMN is the 5-dim bulk metric and G its determinant, gµν the brane induced metric
and g the determinant, Λ the bulk cosmological constant, σ the brane tension, and Φ the
bulk complex scalar field (localized on the brane as the graviton). Λ and σ are related by
Λ = − σ
2
6M5
.
It is worth to write down the the effective theory on the brane. It is derived by making
use of the braneworld holography[68, 71]. This method gives
Seff ≃
∫
d4x
√−g
[
M4
2
R(g) + Lmatter − |∇xϕ|2− (13)
− log ǫ
4
M44
M65
(
−4Rµν∇µϕ∇νϕ+ 4
3
R|∇ϕ|2 +RµνRµν−
− R
2
3
+
2
3
|∇ϕ|4 + 2|(∇ϕ)2|2
)
+ 2|∇2ϕ|2
]
+ ΓCFT ,
Here ΓCFT is the effective action for the holographic CFT on the brane, R(g) is the Ricci
scalar on the brane, M24 = lM
3
5 =M
2
P plays the role of Planck mass, with l the the curvature
radius of the AdS spacetime, and Lmatter is the Lagrangian density matter localized on the
brane. The parameter ǫ determines the renormalization scale of CFT, whereas the field φ
corresponds to the zero mode of the bulk complex scalar field Φ localized on the brane (ϕ
could represent squarks or sleptons on the brane carrying baryon/lepton number). Notice
that (13) is written as and Hilbert-Einstein action
SEH =
1
2κ2
∫
d4x
√−g R . (14)
plus scalar field (in the so called Jordan frame). In this respect it is similar to scalar tensor
theories.
The current associated to φ, defined as Jµ = −iφ←→∇ µφ∗, satisfies the relation[204]
∇µJµ ≃ M
4
4
M65
[
2
3
Jµ∇µR + 4Rµν∇µJν
]
+O(log ǫ) . (15)
Assuming a coupling of the form (1), with φ a scalar field on the brane and JµB replaced
by Jµ, one obtains (after an integration by parts) that the effective Lagrangian density on
interaction is
L ≃ M
4
4
M65
φ
[
2
3
Jµ∇µR + 4Rµν∇µJν
]
. (16)
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This interaction leads to the baryon asymmetry given in (4). A comparison with (2) suggest
M∗ = fM
3
5/M
2
4 . To determine the baryon asymmetry one needs to evaluate R˙. In the
Randall-Sundrum model, the geometrical projection method yields the field equation
Rµν − 1
2
gµνR =
1
M24
Tµν +
1
M65
πµν −Eµν , (17)
where Tµν is the energy-momentum tensor on the brane, Eµν is the Weyl tensor, and
πµν = −1
4
TµαT
α
ν +
1
12
T µµ Tµν +
1
8
gµνTαβT
αβ − 1
24
gµν(T
µ
µ )
2 .
In deriving (17) it is assumed the contribution to gravity is dominated by matter field Lmatter.
Notice that the energy-momentum tensor satisfies the continuity equation ∇µT µν = 0. The
trace of (17) in a FRW Universe reads
R = − T
µ
µ
M24
− π
ν
µ
M65
= (1− 3w) ρ
M24
− (1 + 3w) ρ
2
6M65
, (18)
from which it follows
R˙ = −3(1 + w)Hρ
[
1− 3w
M24
− (1 + 3w)ρ
3M65
]
(19)
≃ 8
3
Hρ2
M65
∼ T
10
M4M65
, (20)
where (20) follows in a Universe radiation dominated (w = 1/3). One can compute the
decoupling temperature[68] TD ∼ M
3/2
5
M
1/2
4
, so that the bet baryon asymmetry assumes the
form
η ≃ 10−10
(
10−3
f
)2(
108GeV
M5
)12(
TD
102.5GeV
)9
, (21)
which has been written to emphasize the estimations that the parameters characterizing the
theory must assume in order that the observed baryon asymmetry is obtained.
Other models based on gravitational baryogenesis can be found in[58, 68, 72–78] [61, 79–
85].
4. LEPTOGENESIS BY CURVATURE COUPLING OF HEAVY NEUTRINOS
In this Section, we study the generalization in the matter Lagrangian by including higher
order terms in R consistent with general covariance, Lorentz-invariance in a locally inertial
frame. The effect of spin-gravity coupling will be neglected (they will be extensively discussed
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in Section 6.1). Therefore we work in the approximation for which the characteristic time
of spinor fields variation is smaller than the age of the Universe.
Consider the action for a four component Dirac fermion ψ which couples to background
gravity[86]
Sm[gµν , ψ] =
∫
d4x
[
iψ¯γµ(
−→
∂ µ −←−∂ µ)ψ − h1(R) ψ¯ψ − ih2(R) ψ¯γ5ψ
]
, (1)
where h1(R) and h2(R) real valued scalar functions of the curvature,
h1(R) =M + g1(R) , h2(R) = M
′ + g2(R) . (2)
Here h1 is a generalization of the neutrino mass term. Note that since ψ¯γ5ψ transforms as
a pseudo-scalar, the h2 term is odd under CP . We write the four-component fermion
ψ =
 ψL
ψR
 . (3)
The lagrangian in terms of the two-component fields ψR and ψL becomes
L = iψ†R σ¯µ(
−→
∂ µ −←−∂ µ)ψR + iψ†L σµ(
−→
∂ µ −←−∂ µ)ψL −
− h1(ψ†RψL + ψ†LψR)− i h2(ψ†RψL − ψ†LψR) , (4)
where σµ = (I, σi) and σ¯µ = (I,−σi) in terms of the Pauli matrices. The h2 term can be
rotated away by a chiral transformation
ψL → e−iα/2ψL ψR → eiα/2ψR . (5)
Keeping terms to the linear order in α, we see that the lagrangian (4) changes by the amount
δL = −ψ†Rσ¯µψR∂µα+ ψ†LσµψL∂µα−
− h1(iα)
(
ψ†LψR − ψ†RψL
)
− ih2(iα)
(
ψ†LψR + ψ
†
RψL
)
. (6)
Now we choose α = −h2/h1 to eliminate the chiral mass term and obtain for the total
Lagrangian
L = iψ†R σ¯µ(
−→
∂ µ −←−∂ µ)ψR + iψ†L σµ(
−→
∂ µ −←−∂ µ)ψL −
− ψ†LσµψL∂µ
(
h2
h1
)
+ ψ†Rσ¯
µψR∂µ
(
h2
h1
)
−
− 1
h1
(h21 + h
2
2)
(
ψ†LψR + ψ
†
RψL
)
. (7)
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If h1 and h2 are constants then, one can always rotate the axial-mass term away. We will
assume that the neutrino mass M ≫ g1 therefore h1 ≃ M and since a constant M ′ can
be rotated away h2 = g2. Further we will assume that the background curvature is only
dependent on time. The lagrangian (7) then reduces to the form
L = iψ†R σ¯µ(
−→
∂ µ −←−∂ µ)ψR + iψ†L σµ(
−→
∂ µ −←−∂ µ)ψL −
− ψ†LψL
(
g˙2
M
)
+ ψ†RψR
(
g˙2
M
)
−
− M
(
ψ†LψR + ψ
†
RψL
)
. (8)
The equation of motion for the left and the right helicity fermions derived from (8) are
iσ¯µ∂µψR +
(
g˙2
M
)
ψR −MψL = 0 ,
iσµ∂µψL −
(
g˙2
M
)
ψL −MψR = 0 . (9)
Written in momentum space ψ(x) = ψ(p)ei(Et−~p·~x) the equation of motion of ψR and ψL are(
ER − g˙2
M
)
ψR − ~σ · ~pψR −MψL = 0 ,(
EL +
g˙2
M
)
ψL + ~σ · ~pψL −MψR = 0 . (10)
In the limit p≫M, g2 the dispersion relations are[87] ER,L ≃ Ep±2 g˙2
M
, where Ep = p+
M2
2p
.
The canonical momenta of the ψL and ψR fields are as usual
πL =
∂L
∂ψ˙L
= iψ†L, πR =
∂L
∂ψ˙R
= iψ†R , (11)
so that the canonical Hamiltonian density is
H ≡ πLψ˙L + πRψ˙R − L
= iψ†Lψ˙L + iψ
†
Lσ · ∇ψL + iψ†Rψ˙R − iψ†Rσ · ∇ψR +M
(
ψ†LψR + ψ
†
RψL
)
+nL
(
g˙2
M
)
− nR
(
g˙2
M
)
, (12)
where we have introduced the number density operators of the left and right chirality modes,
nL ≡ ψ†LψL, nR ≡ ψ†RψR . (13)
The partition function in terms of this effective Hamiltonian is
Z = Tre−βH ≡ Tre−β(H0−µLnL−nRµR) , (14)
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where β = 1/T and H0 is the free particle Hamiltonian. We see that when g˙2 is non-zero
then the effective chemical potential for the left chirality neutrinos is µL = −g˙2/M and for
the right-chirality neutrinos is µR = g˙2/M . In the presence of interactions which change
ψL ↔ ψR at thermal equilibrium there will be a net difference between the left and the right
chirality particles,
nR − nL = 1
π2
∫
d3p
[
1
1 + eβ(Ep−µR)
− 1
1 + eβ(Ep−µL)
]
(15)
=
T 2
3
g˙2
M
.
Here we consider the simplest case in which h2 and g2 are linear function of the curvature
R,
h2(R) = g2(R) =
R
MP
.
The axial term in (1) is a CP violating interaction between fermions and the Ricci curvature
described by the dimension-five operator [61, 84]
LupslopeCP =
√−g 1
mP
Rψ¯ iγ5ψ . (16)
This operator is invariant under Local Lorentz transformation and is even under C and odd
under P and conserves CPT . In a non-zero background R, there is an effective CPT viola-
tion for the fermions. Take ψ = (NR, N
c
R)
T , where NR is a heavy right handed neutrino and
N cR a left handed heavy neutrino, which decay into the light neutrinos. Majorana neutrino
interactions with the light neutrinos and Higgs relevant for leptogenesis, are described by
the lagrangian
L = −hαβ(φ˜† NRαlLβ)− 1
2
N cR M˜ NR + h.c. , (17)
where M˜ is the right handed neutrino mass-matrix, lLα = (να, e
−
α )
T
L is the left-handed lepton
doublet (α denotes the generation), φ = (φ+, φ0)T is the Higgs doublet. In the scenario of
leptogenesis introduced by Fukugita and Yanagida, lepton number violation is achieved by
the decays NR → φ + lL and also NRc → φ† + lLc. The difference in the production rate of
lL compared to l
c
L, which is necessary for leptogenesis, is achieved via the CP violation. In
the standard scenario, n(NR) = n(N
c
R) as demanded by CPT , but
Γ(NR → lL + φ) 6= Γ(N cR → lcL + φ†)
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due to the complex phases of the Yukawa coupling matrix hαβ, and a net lepton number
arises from the interference terms of the tree-level and one loop diagrams (see Section 2 and
Ref.[88, 89]).
In this leptogenesis scenario we have that the decay rates of NR and N
c
R are the same,
Γ(NR → lL + φ) = Γ(N cR → lcL + φ†) ,
but there is a difference between the heavy light and left chirality neutrinos at thermal
equilibrium due to the CP violating gravitational interaction (16),
n(NR)− n(N cR) =
T 2
3
R˙
MPM
. (18)
The NR ↔ N cR interaction can be achieved by the scattering with a Higgs field. A recent
example of leptogenesis due heavy neutrino decay with CP violation in a SO(10) model is
described in[90]. In standard SO(10) unification, all Standard Model fermions of a given
generation together with a right-handed neutrino are in a 16 representation of SO(10),
16f = (1f + 5¯f + 1¯0f )SU(5)
= (NR + (L, d
c) + (Q, uc, ec)) (19)
The charged fermion and Dirac neutrino mass matrices receive contributions from Yukawa
couplings of the form 16f16fH (where H = 10H, 126H and/or 120H). Majorana masses for
the right-handed neutrinos are generated either from
16f 16f 126H ⊃ y S ′N cRNR (20)
or from the non-renormalizable operators suppressed by some mass scale Λ
f
Λ
16f 16f 16H 16H ⊃ f
Λ
S2N cRNR . (21)
When the GUT Higgs fields S ′ or S acquire a vev, a large Majorana mass M is generated
for NR which breaks lepton number spontaneously. This following the see-saw mechanism
leads to small neutrino masses at low energies. At temperatures larger than the heavy
neutrinos and the GUT Higgs masses one there will be helicity flip scattering interactions
like S + NR ↔ S + N cR which change the lepton number (as T > M the helicity and the
chirality of NR are same). The interaction rate is
Γ(SNR ↔ SN cR) = 〈nsσ〉 =
0.12
π
(
f
Λ
)2
T 3 . (22)
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The interactions decouple at a temperature TD. The latter is computed via the equality
Γ(TD) = H(Td) , (23)
where H = a˙/a. From (23) one derives the decoupling temperature
TD = 13.7π
√
g∗
(
Λ
f
)2
1
MP
= 13.7π
√
g∗
(〈S〉2
M
)2
1
MP
, (24)
where we have used M = f〈S〉/Λ.
From the lepton asymmetry (18) and (2) one obtains the value of frozen in lepton asym-
metry as
η =
n(NR)− n(N cR)
s
=
15
2π2g∗
R˙(TD)
TDMMP
, (25)
This result agrees with[58].
Some comments are in order. 1) In the case in which the fermion is, for example, an
electron one also gets a splitting of energy levels E(eR) − E(eL), but this does not lead to
lepton generation of lepton asymmetry as both eL and eR carry the same lepton number.
2) In principle, one should also take into account primordial perturbations of the gravi-
tational background (characterized mainly by scalar and tensor perturbations) and of the
energy density and pressure, characterized by δρ = δT 00 and δpδ
j
i = δT
j
i (see for example
[91]). These perturbations are related as δp = c2sδρ, where c
2
s = w + ρdw/dρ is the adia-
batic sound speed squared. For relativistic particles w = 1/3 and therefore c2s = 1/3. As
a consequence, the trace of the perturbed energy-momentum tensor vanishes (this is not
true in presence of anisotropic shear perturbations), so that according to the gravitational
leptogenesis mechanism, no net baryon asymmetry can be generated.
4.1. Avoiding subsequent wash-out
The light neutrino asymmetry can be erased by the interactions νL + φ0 → νcL + φ†0 with
the standard model Higgs. To prevent the erasure of the lepton asymmetry by Higgs scat-
tering, we must demand that the lightest heavy neutrino mass be lower than the decoupling
temperature of the light-neutrino Higgs interaction, which is calculated as follows. The light
neutrino masses arise from an effective dimension five operator (26) which is obtained from
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(17) by heavy neutrino exchange[92]
L = Cαβ (lLαc φ˜∗)(φ˜† lLβ) + h.c. (26)
=
Cαβ
2M
(lLαa
c ǫamφm)(lLβb ǫ
bnφn) +
C∗αβ
2M
(lLαa ǫ
amφ∗m)(lLβb
c ǫbnφ∗n) .
Here φ˜ ≡ iσ2φ∗ = (−φ0∗, φ−)T , ǫab is the antisymmetric tensor, and a, b.. denote the gauge
SU(2)L indices.
The ∆L = 2 interactions that result from the operator (26) are
νL + φ
0 ←→ νR + φ0 ,
νR + φ
0∗ ←→ νL + φ0∗ . (27)
The cross section for the interaction νLα + φ
0 ↔ νRβ + φ0 is
σ =
|Cαβ|2
2M2
1
π
, (28)
In the electroweak era, when the Higgs field in (26) acquires a vev, 〈φ0〉 = v = 174 GeV ,
this operator gives rise to a Majorana neutrino mass matrix
mαβ = 4v
2 Cαβ
M
,
and the cross section (28) can be expressed in terms of light neutrino masses as
σ =
|mαβ|2
32πv4
. (29)
The interaction rate of the lepton number violating scattering νL+φ0 ↔ νR+φ†0 is given by
Γ(νL + φ0 ↔ νR + φ†0) =
0.122
16π
m2ν T
3
v4
.
The decoupling temperature Tl when the interaction rate Γ(Tl) falls below the expansion rate
of the Universe (5. The decoupling temperature Tl is obtained from equation Γ(Tl) = H(Tl),
where
Γ(Tl) =
0.122
π
|Cαβ|2T 3l
M2
= 1.7
√
g∗
T 2l
MP
. (30)
It turns out that
Tl = 2× 1014
(
0.05eV
mν
)2
GeV , (31)
The heavy neutrino decays occur at T ≃ M ≃ 1012GeV, below the temperature Tl ≃
2×1014GeV. At temperatures T ∼ Tl the light-neutrino lepton number violating interactions
are effective. As a consequence, the lepton number asymmetry from the decay of asymmetric
number of heavy neutrino decays is not washed out by Higgs scattering with light neutrinos.
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5. MODELS AND TIME VARYING RICCI CURVATURE IN DIFFERENT COS-
MOLOGICAL SCENARIOS
We now discuss some cosmological scenarios in which the gravitational leptogenesis mech-
anism can be realized.
5.1. Gravitational Leptogenesis in f(R) theories of gravity
As discussed in the Introduction, the observation that the present phase of the expanding
Universe is accelerated has motivated in the last years the developments of many models
of gravity which go beyond the general relativity, and therefore the standard cosmological
model. Among the different approaches, the f(R)-theories of gravity have received a great
attention. The reason relies on the fact that they allow to explain, via a gravitational
dynamics, the observed accelerating phase of the Universe, without invoking exotic matter
as sources of dark energy. Moreover, they also provide an alternative approach to expliain
Dark Matter problem.
The Lagrangian density of these models does depend on higher-order curvature
invariants(see[7, 8, 13–15, 93, 94] and references therein), such as, for example, R2, RµνR
µν ,
RR, and so on. Here we focalize our attention to f(R) models which are a generic function
of the Ricci scalar curvature R
S =
1
2κ2
∫
d4x
√−g f(R) + Sm[gµν , ψ] . (1)
In (1), Sm is the action of matter and κ
2 = 8πG = 8πM−2P (MP ≃ 1019GeV is the Planck
mass). Cosmological and astrophysics consequences of (1) have been largely studied in
literature [10, 11, 23, 24, 95–113].
f(R) gravity provide scenarios that make these models very attractive. In fact [10]: 1)
They allow to unify the early-time Inflation and the later-time acceleration of the Universe
owing to the different role of the gravitational terms relevant at small and large scales; 2) DM
and DE issues can be treated in a unique and unified setting; 3) They provide a framework
for the explanation of hierarchy problem and unification of GUT with gravity. However,
solar system tests strongly constraint or rule out many f(R) models of gravity. Therefore
the form of the generic function f(R) must be properly constructed. In this respect, available
models are:
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• The Hu and Sawicki model[111]
f(R) = −m2 c1(R
2/m2)2n
1 + c2(R/m2)2n
, (2)
• The Starobinsky model[114]
f(R) = R + λRst
[(
1 +
R2
R2st
)−d
− 1
]
− αR2 , (3)
• The Nojiri and Odintsov model[115]
f(R) = R +
αRl − βRm
1 + γRn
. (4)
The parameters c1, c2, d, m, n, l, λ, Rst, α, β and γ entering the above equations are free.
Their combinations allow to get a description of cosmic acceleration (early and present) of
the Universe .
A characteristic of the models (2)-(4) is that the R-terms can be expanded in the appro-
priate regimes, reproducing simplest form of f(R). A particular subclass is of the form
f(R) = R + αRn , (5)
where α > 0 has the dimensions [energy]−2(n−1) and n > 0. Particularly interesting is the
case n = 2 (referred in literature as Starobinsky’s model [116])
f(R) = R + αR2 . (6)
This model (6) has been studied in the framework of astrophysics and cosmology. For
instance, gravitational radiation emitted by isolated system constraints the free parameter
to |α| . (1017 − 1018)m2 [117, 118]. Eo¨t-Wash experiments lead instead to the constraints
|α| . 2× 10−9m2 . (7)
More stringent constraints are provided by the Cosmic Microwave Background (CMB)
physics. The amplitude of the curvature perturbation corresponding to (6) is PR ≃
N2k
18π
1
αm2P
, with Nk ∼ 55. Using the WMAP 5-years data[119] (PR ∼ 2.445 × 10−9), it
follows that α is constrained as [8]
|α| < 10−39m2 . (8)
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The bound (8) is obtained in the regime R ≫ α−1 (in this regime the model describes the
inflationary epoch).
In these models of f(R) gravity is implicitly assumed that the chameleon effect[120] holds,
which means that the Compton length λ associated to the characteristic scales, coming out
from adding (pertubative) higher order terms to the Hilbert-Eisntein action, are smaller
or larger in regions with higher or lower matter density. Typically one assumes that λ is
constant, so that the theory is viewed as a local effective theory which is valid for a certain
range of parameters.
5.1.1. Field equations in f(R) gravity
The field equations obtained by the variation of the action (1) with respect to the metric
are
f ′Rµν − f
2
gµν −∇µ∇νf ′ + gµνf ′ = κ2Tµν , (9)
where the prime stands for the derivative with respect to R. The trace reads
3f ′ + f ′R− 2f = κ2T µµ , (10)
In the spatially flat FRW Universe, Eq. (8), Eqs. (9) and (10) become
3f ′H2 − Rf
′ − f
2
+ 3Hf ′′R˙ = κ2ρ , (11)
−2f ′H2 − f ′′′R˙2 + f ′′(Hf ′′R˙− R¨) = κ2(ρ+ p) , (12)
3f ′′′R˙2 + 3f ′′R¨ + 9Hf ′′R˙ + f ′R − 2f = κ2T , (13)
Moreover, the Bianchi identities give a further condition on the conservation of the energy
ρ˙+ 3
a˙
a
(ρ+ p) = 0 . (14)
In what follows, we shall look for those solutions of field equations such that the scale factor
evolves as
a(t) = a0t
β , H =
β
t
. (15)
The scalar curvature turns out to be
R = 6(2H2 + H˙) =
6β(2β − 1)
t2
. (16)
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The f(R) model we concern here is that one of Eq. (5). By using Eqs. (11) and (12) and
the usual expression relating the energy density and the pressure, p = wρ, where w is the
adiabatic index, one gets
w =
1
3
+ ς(t) , ς ≡ 2
3β
(
β + nA
β +A − 2β
)
≪ 1 , (17)
with
A ≡ αRn−1[β(2− n)− (n− 1)(2n− 1)] .
The energy density ρ assumes the form
κ2ρ =
3β2
t2
(
1 +
A
β
)
. (18)
Notice that during the radiation dominated era (β = 1/2), to which we are mainly interested,
the quantity A vanishes because R = 0, as well as the perturbation ς, and the adiabatic
index reduces to the standard value w = 1/3. Moreover, our concern is for the regime
αRn−1 . 1.
5.1.2. Constraints from BBN
In BBN one has to consider the weak interaction rate of particles (p, n, e± and ν) in
thermal equilibrium. For T ≫ Q (Q = mn −mp, where mn,p are the neutron and proton
masses), one gets[121–124] Λ(T ) ≃ qT 5, where q = 9.6× 10−46eV−4.
The primordial mass fraction of 4He is estimated by defining Yp ≡ λ 2x(tf )1+x(tf ) , where
λ = e−(tn−tf )/τ . tf and tn are the time of the freeze-out of the weak interactions and of the
nucleosynthesis, respectively, τ ≃ 887sec is the neutron mean life, and x(tf ) = e−Q/T (tf )
is the neutron to proton equilibrium ratio. The function λ(tf) represents the fraction
of neutrons that decay into protons in the time t ∈ [tf , tn]. Deviations from Yp (gen-
erated by the variation of the freezing temperature Tf) are given by[125–127] δYp =
Yp
[(
1− Yp
2λ
)
ln
(
2λ
Yp
− 1
)
− 2tf
τ
]
δTf
Tf
. In the above equation we have set δT (tn) = 0 be-
cause Tn is fixed by the deuterium binding energy. The current estimation on[128] Yp,
Yp = 0.2476± δYp, with |δYp| < 10−4, leads to∣∣∣∣δTfTf
∣∣∣∣ < 4.7× 10−4 . (19)
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The freeze-out temperature T is determined by Λ = H . One gets T = Tf (1 +
δTf
Tf
), where
Tf ∼ 0.6 MeV and
δTf
Tf
= ς
4π
15
√
πg∗
5
1
qmPT 3f
≃ 1.0024
(
β − 1
2
)
. (20)
Equations (20) and (19) implies (see also Ref.[129, 130])
2β − 1 . 9.4× 10−4 . (21)
5.1.3. Gravitational leptogenesis induced by f(R) gravity
Using the definition of Ricci scalar curvature (16), it follows
R˙ = −12β(2β − 1)
t3
. (22)
Equation (6) then implies (to leading order in (2β − 1))
η =
128π2
3
√
5
β(2β − 1)√πg∗ T
5
D
M4PM
≃ (23)
≃ (2β − 1)3.4× 10−10 10
12GeV
M
(
TD
1015GeV
)5
.
An inspection of (23) immediately revels that the observed baryon asymmetry can be ob-
tained, for example, for TD ∼ 1016GeV, M ∼ 1012GeV (see (11) and for example[131]),
provided that 2β − 1 ≃ 2 × 10−6. The value of the heavy neutrino mass M ∼ 1012GeV is
consistent with the atmospheric neutrino scale mν = 0.05 eV, obtained from the see-saw
relation mν = m
2
D/M with the Dirac mass scale mD ∼ O(10) GeV.
The lepton asymmetry generated via (23) is passed on to the light neutrino sector when
the heavy neutrino decays at temperature T ∼M ∼ 1012GeV. The effects of washed out are
avoided by considering the effective (five dimensional) operator violating the lepton number
∆L = 2, as before discussed. Notice that the baryon asymmetry is generated both for[86]
n 6= 2 and n = 2 The case n < 0 is excluded because these f(R) models of gravity are
affected by instability problems[7–9].
5.2. Time varying Ricci curvature from quantum fluctuations
In this Section we discuss another interesting cosmological scenario in which a non-zero
Ricci curvature is generated in the radiation era by back-reaction of quantum fields. Quan-
30
tum effects cannot be ignored because they may modify the dynamics of the Universe evo-
lution. In order to incorporate these back-reaction effects in the cosmic evolution of the
Universe, General Relativity requires some modification. Again without a complete the-
ory of quantum gravity, one works assuming a semiclassical theory of gravity[132]. In this
context, the Einstein field equations are rewritten as[132, 133]
Rµν − 1
2
gµνR =
8π
M2P
(
T (cl)µν + 〈T (QM)µν 〉
)
(24)
where T
(cl)
µν is the stress energy-momentum tensor for the classical field, T
(QM)
µν represents
the energy momentum tensor operator generated by quantum fields, and finally 〈T (QM)µν 〉 =
〈0|T (QM)µν |0〉 represents the regularized expectation value of T (QM)µν . During the radiation
dominated era, although the trace of the classical energy momentum tensor vanishes, T (cl) =
0, the presence of the quantum corrections 〈0|T (QM)µν |0〉 implies that the trace is nonvanishing,
and therefore a net baryon asymmetry could be generated by having R˙ 6= 0. This trace
anomaly comes from the infinite counterterms that must be add to the gravitational action
to make the trace finite.
The dynamical evolution of the gravitational background is assumed to be described by
the FRW Universe, Eq. (8). The regularized components of the energy-momentum tensor
have the form [132, 134]
〈T (QM)µν 〉 = k1 (1)Hµν + k3 (3)Hµν , (25)
where
(1)Hµν = 2R;µ;ν − 2gµνR + 2RRµν − R
2
2
gµν , (26)
(3)Hµν = R
α
µ Rνα −
2
3
RRµν − 1
2
RαβRαβgµν +
R2
4
gµν ,
 = ∇µ∇µ, and ; stands for covariant derivative. The coefficients k1,3 are constants and
come from the regularization process. Their values strictly depend not only on number and
types of fields present in the Universe, but also on the method of regularization. Because
the methods of regularization affect the the values of k1,3 and more important because of the
uncertainty of what fields were present in the very early Universe, they can be considered
as free parameters[133, 134]. The tensor (1)Hµν satisfies ∇µ(1)Hµν = 0. It is obtained by
varying the local action
(1)Hµν = 2
√−g δ
δgµν
∫
d4
√−gR2 .
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The infinities in 〈T (QM)〉 are canceled by adding infinite counterterms in the Lagrangian
density that describes the gravitational fields. One of these counterterms if of the form
√−gCR2, and due to (the logarithmically divergent) constant C, the coefficients k1 is ar-
bitrary(actually it can be fixed experimentally[205]). As regards (3)Hµν , it is covariantly
conserved only for conformal flat spacetimes, and cannot be derived by means of the varia-
tion of a local action, as for (1)Hµν . The coefficient k3 is given by
k3 =
1
1440π2
(
N0 +
11
2
N1/2 + 31N1
)
.
For a SU(5) model, for example, the number of quantum fields take the values N0 = 34,
N1/2 = 45, and N1 = 24, so that[134] k3 ≃ 0.07.
The explicit expression of the components of (1)Hµν and
(3)Hµν are
(1)H00 = 18(2H¨H + H˙
2 + 10H˙H2) , (27)
(1)Hij = 6
(
2
d3H
dt3
+ 12H¨H + 14H˙H2 + 7H˙2
)
gij ,
(3)H00 = 3H
4 , (3)H00 = H
2(4H˙ + 3H2)gij .
Applying the regularization procedure one infers the trace anomaly[206]
〈T (QM)µµ 〉 = k3
(
R2
3
−RαβRαβ
)
− 6k1R , (28)
that for the FRW Universe assumes the form
〈T (QM)〉 = 36k1
(
d3H
dt3
+ 7H¨H + 4H˙2 + 12H˙H2
)
+
+ 12k3H
2
(
H˙ +H2
)
. (29)
During the radiation dominated era, as we have seen, the trace of the energy-momentum
tensor of classical fields vanishes T (cl) = ρ− 3p = 0. The trace anomaly instead gives a non
vanishing contribution. To evaluate it, we point out that both the scale factor a(t) = (a0t)
1/2
and the relation between the cosmic time and the temperature T , Eq. (6), should be modified
by the back-reaction effects induced by quantum fields. As we shall see below the evolution
of the Universe can be described by standard cosmology. In a FRW Universe, the modified
Einstein field equations assume the form
3H2 =
8π
M2P
[
ρ+ 18k1(2H¨H + H˙
2 + 10H˙H4) + 3k3H
4
]
, (30)
3H2 + 2H˙ =
8π
M2P
[
− p+ 6k1
(
2
d3H
dt3
+ 12H¨H + 14H˙H2 + 7H˙2
)
+ (31)
+k3H
2(4H˙ + 3H2
)]
, (32)
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from which it follows
2H2 + H˙ =
8π
M2P
[
6k1(
d3H
dt3
+ 7H¨H + 4H˙2 + 12H˙H2)
+ 2k3H
2(H˙ +H2)
]
. (33)
We are looking for solutions of the form
H(t) = H0(t) + δ(t) , (34)
where δ(t) ≪ 1 is a perturbation, and H0 = 1/2t is the Hubble parameter for a radiation
dominated universe. The Ricci curvature vanishes, R = 0, as well as its covariant and
(cosmic) time derivatives. It then follows that (1)Hµν(H = H0) = 0 whereas
(3)Hµν 6= 0
when H = H0 (see[84] for details). Inserting H given in (34) into Eq. (33), one obtains (to
leading order) the solution for δ:
δ(t) ≃ k3
M2P
1
t3
− C
4M2P
1
t4
. (35)
C is a constant of integration. As it can be seen, theM−2P suppresses considerably the effects
of δ on the dynamics of the Universe evolution, and these terms wash-out for large t. The
trace anomaly (29) reads
〈T (QM)〉 = −3k3
4t4
.
From R = − 8π
M2P
〈T (QM)〉 we find that the parameter characterizing the heavy neutrino
asymmetry (25) assumes the form
η = k3
180
πg∗
√
325π15g5∗
905
T 10
MM9P
≃ 2.5k3 107T
9
M
1
M8P
. (36)
According to the leptogenesis scenario, the heavy neutrino asymmetry freezes at the decou-
pling temperature TD when the lepton-number violating interactions (NR ↔ N cR) go out of
equilibrium. The subsequent decays of these heavy neutrinos into the light standard model
particles and the conversion of lepton asymmetry into baryon asymmetry can explain the
observed baryon asymmetry of the Universe. In fact, for TD ∼ (1016 − 2 × 1016)GeV and
M ∼ (109 − 1012), respectively, one gets η ∼ 10−11 − 10−10.
Let us finally compute the energy density of back-reaction of quantum fields and compare
it with the energy density of radiation. From Eqs. (25) it follows
〈ρ〉 = 〈T (QM)00 〉 = 18k1
(
2H¨H + H˙2 + 10H˙H2
)
+ 3k3H
4 = (37)
=
3k3
8t4
.
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The k1-term vanishes identically. The total energy density is given by
ρ = ρr + 〈ρ〉 = ρ0
a4
+
Aqf
a8
, Aqf ≡ 3k3
8
a40 . (38)
where ρr is the classical radiation defined in (5). The ratio between the energy densities 〈ρ〉
and ρr reads
r ≡ 〈ρ〉
ρr
=
(
T
T∗
)4
, (39)
where we have definite T∗ as
T∗ ≡
[
80
k3π4g∗
(
15
16
)2]1/4
MP ≃ 1
k
1/4
3
1018GeV .
For temperatures T < T∗ we have that r < 1, i.e. the energy density of quantum fields is
subdominant with respect to the energy density of the radiation. In particular, since the
decoupling temperature of heavy neutrinos occurs at GUT scales, TD ∼ 1016GeV, we infer
r ∼ 10−9 ≪ 1 and the back-reaction is indeed subdominant over the radiation density.
5.3. Gravitational Leptogenesis in Warm Inflation
A further application of the gravitational leptogenesis scenario is the warm inflation
[137] models as there is a large non-zero Ricci curvature from the inflaton potential during
inflation and a large temperature where the lepton number violating interaction can be at
equilibrium.
Let us recall the central point underlying the warm inflation idea [138]. In the Infla-
tionary dynamics the scalar field carries most of the energy of the Universe. The inflaton
however also interact with other fields, but these interactions plays no role except to give
rise to modifications to the effective scalar field through quantum corrections. In the warm
inflation scenario, instead, the effect of these interactions is not only to modify the scalar
field potential, but also to generate dissipation and fluctuation effects. In order that warm
inflation works, it is required that the time scale of quantum mechanical processes leading
to the dissipation is much slower than the expansion rate of the Universe (in such a way the
whole system, inflaton and fields, would not equally distribute the available energy).
The Ricci scalar is related to the Hubble expansion rate during inflation as R = −12H2
and its time derivative is related to the slow roll parameter ǫ = −H˙/H2 as R˙ = 24ǫH3. The
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lepton asymmetry (25) in warm inflation reads
ηwI ≃ AwI ǫH
3
MP TlM
, AwI ≡ 180
g∗
≃ O(1) . (40)
Tl is the light neutrino decoupling temperature (31).
The power spectrum of curvature perturbation in thermal inflation and the spectral index
of scalar perturbations are expressed in terms of H and ǫ [139]
PR =
( π
16
)1/2 H1/2 Γ1/2 T
M2P ǫ
, ns − 1 = −27
4
H
Γ
ǫ , (41)
where Γ is the damping parameter in the inflaton equation of motion and represents the
coupling between the inflaton and the thermal bath. The WMAP observations [140] provides
the amplitude of the curvature power spectrum and of the spectral index, which are given
by PR = (2.3± 0.3)× 10−9 and the spectral index ns = 0.951± 0.017, respectively.
Combining (40) and (41) one can write ǫ, Γ and M in terms of H and T :
Γ =
(
27
√
π
16
)2
H3T 2
M4P
1
P2R(1− ns)2
,
ǫ =
27
√
π
16
H2T 2
M4P
1
P2R(1− ns)
, (42)
M = AwI
27
√
π
16
H5T
M5PηwI
1
P2R(1− ns)
, (43)
Choosing H ≃ 8 × 1012GeV and T ≃ 8 × 1012GeV, and using, consistently with WMAP
data, PR ∼ 2 × 10−9 and ns = 0.968, the net baryon asymmetry ηwI ≃ 10−10 in the warm
inflation scenario follows provided Γ = 7.1×109GeV, ǫ = 4.2×10−6, andM = 2.7×1011GeV.
Finally, from (31) one gets that Tl ∼ 1013GeV corresponds to the neutrino mass of mν3 =
0.15eV. Other models on baryo/leptogenesis in warm Inflation scenario have been proposed
in [141, 142].
6. LEPTOGENESIS INDUCED BY SPIN-GRAVITY COUPLING OF NEUTRI-
NOS WITH THE PRIMORDIAL GRAVITATIONAL WAVES
The behavior of (relativistic) quantum systems in gravitational fields, as well as in inertial
fields, play a crucial role for investigating the structure of spacetime at the quantum level
[143]. Quantum objects are in fact finer and more appropriate probes of structures that
appear classically as results of limiting procedures. On fundamental ground, it is expected
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that only a quantum theory of gravity will be able to provide a definitive answer to questions
regarding the fundamental structure of spacetime. However, the extrapolation of General
Relativity from ordinary terrestrial scales to Planck’s scales is not free from subtle questions
and new data coming from modern cosmology, as discussed in the Introduction and previ-
ous Sections. Therefore, one considers the gravitational background described by General
Relativity, hence considered as a classical filed, and matter as quantized fields propagating
in a classical background [132]. In this respect, one is there considering considering the
interaction of classical inertial and gravitational fields with (relativistic) quantum objects.
Observations performed in [144] do confirm that both gravity and inertia interact with
quantum systems in ways that are compatible with General Relativity. This, per se, does
not represent a test of General Relativity, but shows that the effects of inertia and gravity
on wave functions are consistent with covariant generalization of wave equations dictated by
General Relativity paradigms. Clearly, to test fundamental theories a central role is played,
at level of terrestrial experiments (Earth-bound and near-space experiment), by inertial
effects. Their identifications is therefore required with great accuracy and represents a big
challenge for future experiments. Inertial effects, on the other hands, provide a guide in the
study of relativity because, in all physical situations in which non-locality is not an issue, the
equivalence principle ensures the existence of a gravitational effect for each inertial effect.
Certainly the study of spin-gravity and spin-inertia coupling (as well as spin precession)
represents a very active and relevant topics of physics. Experiments of high energy physics
indeed typically involve spin-1/2 particles and take place or in a gravitational environment
or in non-inertial frames. Thanks to the progress of technology, for example, atomic inter-
ferometry and the physics of polarized systems, the effects of the interactions of relativistic
quantum particle with gravitation field, i.e. the spin-gravity coupling effects, could be pro-
vide new insights of QFT in curved spacetime. Spin-inertia and spin-gravity interactions
and their effects in different physical situations are the subject of numerous theoretical (see
for example [143, 145–169] and references therein) and experimental efforts[170–174]. Spin
precession in inertial and gravitational fields have been studies in[175–180].
In this Section we shall discuss the effect of spin gravity coupling in a cosmological
context. In particular, we are going to discuss the mechanism of Leptgenesis induced by
spin-gravity coupling of neutrinos with the cosmological background [83, 181]. The approach
is based on QFT in curved spacetime, and in particular we write down the Dirac equation
36
in an expanding Universe. To this aim, we use the vierbein formalism. We assume that
the early phase of the Universe is described by Inflation which generates the gravitational
waves (tensor modes). The latter split in the energy levels of (Majoarana) neutrinos and
antineutrinos, which ultimately results in the creation of a lepton asymmetry in the presence
of lepton number violating interactions. This mechanism gives rise to the generation of a
net leptogenesis.
6.1. Dirac equation in curved space-time and the fermion dispersion relation
In passing from flat to curved space time we use the standard prescription ∂ → ∇, and
ηµν → gµν . The procedure to replace flat space tensors with ”curved space” tensor cannot
be extended to the case of spinors. This procedure works with tensors because the tensor
representations of GL(4, R), i.e. the group of 4× 4 real matrices, behave like tensors under
the subgroup SO(3, 1). Thus, considering the vector representation, as an example, one gets
V ′µ(x′) =
∂x′ µ
∂xν
V ν(x)
x′=Λµνxν←→ V ′µ(x′) = ΛµνV ν(x)
But there are no representation of GL(4, R) which behave like spinors under SO(3, 1), i.e.
there not does exists a function of x and x′ which reduces to the usual spinor representation
of the Lorentz group (D(Λ)) for x′ = Λµνx
ν . Therefore, to write down the general covariant
coupling of spin-1/2 particles to gravity, we have to use the vierbein formalism.
A vierbein fields (or tretad) is defined as
eaµ(X) =
∂ξa(x)
∂xµ
|x=X
where ξa are the local inertial coordinate, xµ the generic coordinate, ξa(x) → ξ′ a(x) =
Λab(x)ξ
b(x), and ΛTηΛ = η.
The quantities eaµ(x) constitute a set of four coordinate vectors which form a basis for
the (flat) tangent space to the curved space at the point x = X . Under the coordinate
transformation x→ x′ = x(x), the vierbeins eaµ(x) transform as (see Table III)
e′ aµ(x
′) =
∂xν
∂x′ µ
eaν(x) , (ξ
′a(x′) = ξa(x)) .
The metric gµν(x) is related to the vierbein fields by the relation gµν(x) = ηab e
a
µ(x)e
b
ν(x),
where ηab is the Minkowsky metric (in the local inertial frame). It follows
δµν = e
µ
a (x)e
a
ν(x) i.e. e
a
ν(x) is the inverse of e
ν
a (x) → ηab = gµν(x)eaµ(x)ebν(x) .
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Spinor fields are coordinate scalars which transforms under local Lorentz transformations
as ψα(x) → ψ′α(x) = Dαβ[Λ(x)]ψβ(x), where Dαβ[Λ(x)] is the spinor representation of the
Lorentz group and ψα is the component of the spinor ψ (not be confused with general co-
ordinate indices). Since Λ does depend on x, ∂µψα does not transform like ψα under local
Lorentz transformations. To obtain a Lagrangian invariant under generic coordinate trans-
formation one has to define the covariant derivative Dµψα ≡ ∂µψα− [Ωµ]αβψβ , where [Ωµ]αβ
is the connection matrix. Therefore one requires Dµψα → Dαβ [Λ(x)]Dµψβ(x), provided
Ω′µ = D(Λ)ΩµD
−1(Λ)− (∂µD(Λ))−1D−1(Λ)
The connection matrix [Ωµ]αβ(x) can be written as
[Ωµ]αβ(x) =
i
2
[Sab]αβω
ab
µ (x)
where Sab =
σab
2
= i[γa,γb]
2
are the generators of the the Lorentz group in the spinor represen-
tation and ω aµ b the spin connections. The spinor representation of the Lorentz group can be
written as D[Λ(x)] = exp[−(i/2)Sabθab]. The covariant derivative acts on vierbeins as
Dµe
a
ν = ∂µe
a
ν − Γλµνeaλ − ω aµ bebν
and the condition Dµe
a
ν = 0 allows to determine the spin connections
ωbca = ebλ
(
∂ae
λ
c + Γ
λ
γµe
γ
ce
µ
a
)
.
Therefore, the general covariant coupling of spin 1/2 particles to gravity is given by the
Lagrangian
L = √−g(ψ¯γaDaψ −mψ¯ψ) (1)
where Da = ∂a − i4ωbcaσbc is the covariant derivative before introduced. The Lagrangian is
invariant under the local Lorentz transformation of the vierbein and the spinor fields. By
using the Dirac matrices properties
γa[γb, γc] = ηabγc + ηacγc − iεdabcγgγ5
the Lagrangian density (1) can be written in the form
L = det(e) ψ¯ ( iγa∂a − m − γ5γdBd )ψ , (2)
where
Bd = ǫabcdebλ(∂ae
λ
c + Γ
λ
αµe
α
c e
µ
a) . (3)
In a local inertial frame of the fermion, the effect of a gravitational field appears as a axial-
vector interaction term shown in L.
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6.2. Neutrinos effective Lagrangian in a local inertial frame
To determine the dispersion relation of neutrinos propagating in a perturbed FRW Uni-
verse, we have to compute Bd. Perturbations are generated by quantum fluctuations of the
inflaton. Notice that for a FRW Universe the Ba-term vanishes due to symmetry of the
metric. The general form of perturbations on a flat FRW expanding universe can be written
as
ds2 = a(τ)2[(1 + 2φ)dτ 2 − ωidxidτ − ((1 + 2ψ)δij + hij)dxidxj]
where φ, ψ are scalar fluctuations, ωi the vector fluctuations and hij the tensor fluctuations
of the metric. Of the ten degrees of freedom in the metric perturbations only six are
independent and the remaining four can be set to zero by suitable gauge choice. We work
in the TT gauge: hii = 0, ∂
ihij = 0. In the TT gauge the perturbed FRW metric can be
expressed as
ds2 = a(τ)2[(1 + 2φ)dτ 2 − ωidxidτ − (1 + 2ψ − h+)dx21 − (1 + 2ψ + h+)dx22
−2h×dx1dx2 − (1 + 2ψ)dx23].
An orthogonal set of vierbiens eaµ for this metric is given by
eaµ = a(τ)

1 + φ −ω1 −ω2 −ω3
0 −(1 + ψ) + h+/2 h× 0
0 0 −(1 + ψ)− h+/2 0
0 0 0 −(1 + ψ)
 .
For our application we need only the tensor perturbations. Explicit calculations give Ba =
(∂τh×, 0, 0, ∂τh×). Using ψ = (νL, νR)
T into (1), one gets
L = det(e)[(iν¯Lγa∂aνL + iν¯Rγa∂aνR) +mν¯LνR +m†ν¯RνL+
+Ba(ν¯RγaνR − ν¯LγaνL)] .
The fermion bilinear term ψ¯γ5γaψ is odd under CPT transformation. When one treats B
a
as a background field then the interaction term in L explicitly violates CPT . When the
primordial metric fluctuations become classical, i.e there is no back-reaction of the micro-
physics involving the fermions on the metric and Ba is considered as a fixed external field,
then CPT is violated spontaneously. Moreover, we consider only Standard Model fermions,
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so that Lν = +1 for neutrinos and Lν¯ = −1 for antineutrinos (L is lepton number), and
we consider Majorana spinors νR = (νL)
c, i.e. νR is the charge-conjugate of νL. With this
choice, the mass term in L is of the Majorana type (the generation index is suppressed).
6.3. The Leptogenesis mechanism from spin-gravity coupling following Inflation
According to the general setting, one has to assume that there are GUT processes that
violate lepton number above some decoupling temperature TD. Results of Section 4 imply
that in the presence of non-zero metric fluctuations, there is a split in energy levels of νL,R
(a different effective chemical potential), so that the dispersion relation of νL,R fields reads
(see also[87]) EL,R(p) = Ep ∓
(
B0 − p ·B
p
)
, where as usual Ep = p+m
2/2p and p = |p|.
The equilibrium value of lepton asymmetry generated for all T > TD turns out to be (Eq.
(15))
∆n =
gT 3
6
(
B0
T
)
. (4)
where ∆n ≡ n(νL)− n(νR) and p≫ mν and B0 ≪ T has been used. The dependence on B
drops out after angular integration
To evaluate B0, we need to compute the spectrum of gravitational waves h(x, τ) during
inflation. To this aim, we express h× in terms of the creation- annihilation operator
h(x, τ) =
√
16π
aMp
∫
d3k
(2π)3/2
(
ak fk(τ) + a
†
−k f
∗
k (τ)
)
eik·x , (5)
where k is the comoving wavenumber, k = |k|, and mP = 1.22 1019GeV is the Planck mass.
Remembering that B0 = ∂τh one gets that the two point correlation function for B
0 is (see
C for details)
〈B0(x, τ), B0(x, τ)〉 =
∫
dk
k
(
k
a
)2
(hradk )
2 =
4
π
(
HI
m2P
T 21.67
√
g∗
)2
N
Therefore, the r.m.s value of spin connection that determines the lepton asymmetry ∆n is
(B0)rms ≡
√
〈B20〉 =
2√
π
(
HI
m2P
T 2 1.67
√
g∗
) √
N .
The lepton asymmetry ∆n as a function of temperature can therefore be expressed as (con-
sidering three neutrino flavors)
∆n(T ) =
gT 3
6
(B0)rms
T
=
1√
π
(1.67
√
g∗)
√
N
(
T 4HI
m2P
)
.
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The lepton number to entropy density (s = 0.44 g∗ T
3) is therefore
η ≡ ∆n(T )
s(T )
≃ 2.14 T HI
√
N
m2P
√
g∗
The lepton asymmetry is evaluated at the decoupling temperature TD. According to general
setting, lepton number asymmetry will be generated as long as the lepton number violating
interactions are in thermal equilibrium. Once these reactions decouple at some decoupling
temperature TD, which we shall determine, the ∆n(T )/s(T ) ratio remains fixed for all
T < TD. To calculate the decoupling temperature of the lepton number violating processes
we turn to a specific effective dimension five operator which gives rise to Majorana masses
for the neutrinos (26) The ∆L = 2 interactions that result from the dimension five operator
(26) are given in (27). In absence of GWs, it follows that the forward reactions are equal to
the backward reactions, and therefore no net lepton number is generated. On the contrary, in
presence of GWs, the forward reactions are different by backward reactions, and the energy
levels of the left and right helicity neutrinos are no longer degenerate, EL 6= ER, which
implies a difference in the number density of left and right handed neutrinos (at thermal
equilibrium) ∆n = n(νL)− n(νR) 6= 0. This process continues till the ∆L = 2 interactions
decouple.
Next step now is to calculate the decoupling temperature TD by using (23). The interac-
tion rate for the interaction νLα + φ
0 ↔ νRβ + φ0 is (see (30))
Γ = 〈nφ σ〉 = 0.122
π
|Cαβ|2T 3
M2
In the electroweak era, when the Higgs field in LW acquires a vev, 〈φ〉 = (0, v)T (where
v = 174 GeV ), the five dimensional Weinberg operator gives rise to a neutrino mass matrix
mαβ =
v2Cαβ
M
. This implies that in our calculations, we can substitute the couplings
Cαβ
M
in
terms of the light left handed Majorana neutrino mass, i.e.
Cαβ
M
→ mαβ
v2
. The decoupling
temperature TD turns out to be
TD = 13.68π
√
g∗
v4
m2ν mP
,
where mν is the mass of the (heaviest) neutrino. Substituting TD into the expression for η,
we finally obtain the formula for lepton number
η = 92.0
(
v4HI
m2ν m
3
P
) √
N . (6)
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The input parameters we used for our estimations are: a) The amplitude of the h× ∼ 10−6
or equivalently the curvature during inflation HI ∼ 1014GeV or the scale of inflation is
the GUT scale, V 1/4 ∼ 1016GeV which is allowed by CMB [182]. b) Neutrino Majorana
mass in the atmospheric neutrino scale[183, 184] m2ν ∼ 10−3eV2. c) Duration of inflation
HIt = N ∼ 100 (needed to solve the horizon and entropy problems in the standard inflation
paradigm, Eq. (1)). The parameters entering (6) are well within experimentally acceptable
limits. The magnitude of baryogenesis is therefore
η = 7.4 10−11
HI
4 1014GeV
2.5 10−3eV 2
m2ν
√
N
10
∼ 10−11 − 10−10 , (7)
which is compatible with the previous values (3) and (4). According to [39], a lepton
asymmetry generated at an earlier epoch gets converted to baryon asymmetry of the same
magnitude by the electroweak sphalerons.
The mechanism here discussed makes use of the standard QFT in curved space-time,
which gives rise to the conventional spin gravity coupling of neutrinos with the gravitational
background. This leads to the coupling of axial-vector current with the four-vector Ba which
accounts for the curved background. As we have seen, left-handed and right-handed fields
couple differently to gravity and therefore have different dispersion relations (the equivalence
principle is hence violated). Moreover, the model uses the Majorana neutrinos because one
needs of a violation of lepton number which generates the lepton asymmetry. In order that
spin-gravity coupling of neutrinos with the gravitational background be a viable model,
one has to assume that the early Universe is described by Inflation. Remarkably, no free
parameters are present in the final expression for the lepton asymmetry given by (6).
6.4. CPT Violation in an Expanding Universe - String Theory
Recently Ellis, Mavromatos and Sarkar[185, 186] proposed a model in which they explore
the possibility to violate CPT in an expanding Universe in the framework of String Theory,
and generate a net baryon/lepton asymmetry via Majorana neutrinos.
The model goes along the following line. According to String Theory, besides to the
spin-2 graviton (described by the usual symmetric tensor gµν), the theory contains also the
spin-0 dilaton field (described by the scalar field Φ) and the anti-symmetric tensor Kalb-
Ramond field (described by Bµν). The latter enters into the effective action via the field
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Hµνρ = ∂µBνρ + p.c., where p.c. stands for the cyclic permutation of the indices {µ, ν, ρ}
(Hµνρ plays the role of torsion[187]). The effective action reads (in the Einstein frame)
S =
M2s Vc
16π
∫
d4x
√−g
(
R(g)− 2∂µΦ∂µΦ− e
−4Φ
12
HµνρH
µνρ +O(α′)
)
. (8)
Here Ms = 1/
√
α′ represents the string scale mass, V c the compactification volume which
is expressed, together with the compact radii, in terms of the
√
α′ units. In this model ne
gets that the connections are generalized as
Γ¯λµν = Γ
λ
µν + T
λ
µν , (9)
where Γλµν are the usual Christoffel symbols, and
T λµν ≡ e−2ΦHλµν = −T λνµ . (10)
The four-vector Bd given in (3) now reads
Bd = ǫabcdebλ(∂ae
λ
c + Γ¯
λ
αµe
α
c e
µ
a) . (11)
The anti-symmetric tensor can be written in terms of the pseudo-scalar axion-like field b(x)
Hµνρ = e
2Φǫµνρσ∂
σb , (12)
where ǫ0123 =
√−g. Field equations of String theory provides the solution [188]
b(x) =
√
2e−Φ0
√
Q2
Ms√
n
t , (13)
where Φ0 is a constant appearing in the time evolution of the dilaton field Φ(t) = − ln t+Φ0,
Q2 > 0 is the central charge deficit and n is an integer associated to the Kac-Moody algebra
of the underlying world sheet conformal field theory. According to (9)-(13) one finds that
the non vanishing component of Bd is
B0 = ǫijkTijk = 6
√
2Q2 e−Φ0
Ms√
n
GeV . (14)
The net baryon asymmetry between the (Majorana) neutrino-antineutrino is
η ∼ B0
Td
∼ e
−Φ0Ms
√
Q2√
nTd
. (15)
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6.5. Leptogenesis induced by Einstein-Cartan-Sciama-Kibble torsion field
Another interesting model of matter-antimatter asymmetry has been proposed by
Poplawski [189]. It is based on Einstein-Cartan-Sciama-Kibble (ECSK) theory of gravity
[190] in which the usual Hilbert-Einstein action (14) incorporates the torsion field. The latter
therefore extend General Relativity to include matter with intrinsic spin-1/2, which produce
torsion, and provides a more general theory of local gauge with respect to the Poincare group
[191] (interesting applications of ECSK can be find in [192, 193] and references therein).
Spinors coupled to the torsion fields evolves according to Helh-Datta equation [194]
ie µa γ
a∇aψ −mψ = − 3
8M2P
(ψ¯γ5γaψ)γ
5γaψ , (16)
where∇a represents the covariant derivative with respect to the affine connection (Christoffel
connections). The corresponding equation for the charge conjugate (C) spinor ψC is
ie µa γ
a∇aψC −mψC = + 3
8M2P
(ψ¯Cγ5γaψ
c)γ5γaψC , (17)
The equations (16) and (17) are therefore different, leading to a different shift of energy
spectrum, generating in such a way an asymmetry. In fact, the energy levels for a free
fermion (X) and antifermion (X¯) resulting from ECSK theory are (in the ultrarelativistic
limit)
EX = p+ ακN , EX¯ = p− ακN , (18)
where α is a numerical factor of the order of unity, andN is the inverse normalization of Dirac
spinor (it is of the order of N ∼ E3 ∼ T 3). Here X and X¯ refer to heavy fermion carrying
baryon and antibaryon number, respectively, and are dubbed archeons and antiarcheons.
They candidate for a possible component of DM. Eqs. (2) and (15) then imply that the
net baryon asymmetry is η ∼ T 2D/M2P , where TD is the decoupling temperature that must
assume the value TD ∼ 1013GEV in order to generate the observed baryon asymmetry. One
can estimate the mass mX of the (anti)archeon by equating the decay rate Γ ∼ G
2
Fm
5
X
192π3
with
the expansion rate of the Universe during the radiation era, Eq. (5): mX = mX¯ ∼ 10TeV.
This value is of the same order of magnitude of the maximum energy of a proton beam at
LHC (∼ 7TeV).
44
7. CONCLUSION
Understanding how the baryon asymmetry of the universe originated is one of the funda-
mental goals of modern cosmology. As we have seen, particle physics, as well as cosmology,
have provided with a number of possibilities. They involve very fascinating physics, but
with varying degrees of testability. In fact, all the baryogenesis models are indeed able to
derive the correct estimation of η ∼ 10−10, but it is rather difficult, if not impossible, to
exclude or confirm one or other scenario.
A possibility to discriminate among the plethora of baryogenesis models is to investigate
its predictibility or compatibility with certain form of DM (besides the models discussed
in this review, see also[195]). In other words, one should expect that a realistic model of
baryogenesis is able to determine both the right value of η, and to explain the magnitude of
the ratio ρB/ρDM fixed by cosmological observations. An example is provided by the Affleck-
Dine Baryogenesis: The model explains the observed baryon asymmetry of the Universe, and
supersymmetric particles are favored candidates of DM in the Universe. In this respect, as
discussed in this review, gravitational baryogenesis represents also an interesting framework.
In fact because if from one side, in these models one is able to recover the correct estimation
of the parameter 1eta, from the other side they are compatible with the present cosmological
data of an epanding Universe, and hence the necessity to invoke new form of energy or matter,
hence DM and DE. This is the case of f(R) gravity, but also variant of these models and
more generally, scalar tensor theories are available candidates.
A question that arises is whether the universe is baryon-symmetric on cosmological
scales, and eventually separated into domains which are either dominated by baryons or
antibaryons. One then would expect to detect, due to annihilations, an excess of gamma
rays. There are no evidences of the existence of such a cosmic anti-matter. In fact, the
analysis of pp¯ annihilation in gamma rays (pp¯ → π0 → 2γ), with Eγ ∼ 100MeV, allows
to conclude that the nearest rich antimatter region (anti-galaxy) should be away from at
distance[196, 197] D ≥ (10−15)Mpc. This results indicate hence that the patches of matter-
antimatter should be as large as the presently observable Universe. However, no mechanism
is known which is able to explain how to separate out these domains of matter-antimmater.
There is anyway an existing as well as many planned experimental activity in searching for
cosmic antimatter[198–201].
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It is still unclear to cosmologists and particle physicists what scenario was realized in
nature to generate the observed baryon asymmetry in the Universe. What has arisen in
the last years is that no model of Baryogenesis is complete without incorporating the idea
s underlying the Leptogenesis. This is also supported by recent results of neutrino physics.
LHC experiment and the new generation of linear colliders will certainly allow a deeper
understanding and a considerable progress of this fundamental problem. In any case, the
baryon asymmetry in the Universe furnishes a clear evidence that a new physics, beyond
the Standard Model of particle physics and the Standard Cosmological model, is called for.
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Appendix A: Out equilibrium condition
For completeness, we discuss on a different setting, the departure from thermal equilib-
rium.
If all particles in the Universe were in thermal equilibrium then there would be no pre-
ferred direction for the time T and also if B asymmetry could be generated, it would be
prevented by CPT invariance. Therefore, also the violation of the CP symmetry would be
irrelevant.
Consider a species of massive particle X in thermal equilibrium at temperatures T ≪ mX .
Let mX its mass. The number density of these particles is
nX ≈ gX(mXT )3/2e−
mX
T
+
µX
T ,
where, as usual, µX indicate the chemical potential. The species X are in chemical equi-
librium if the rate Γinel of inelastic scatterings (responsible of the variation of the number
of X particles in the plasma, according to the processes X + A → B + C) is larger than
the expansion rate of the Universe Γinel ≫ H . This allows to write a relation among the
different chemical potentials of the particles involved in the process µX+µA = µB+µC . The
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number density of the antiparticle X¯ which have the same mass of particles X , mX¯ = mX ,
but opposite chemical potential µX¯ = −µX due to the process X + X¯ → γ+ γ with µγ = 0,
is
nX¯ ≈ gX(mXT )3/2e−
mX
T
−
µX
T
If the X particle carries baryon number, then B will get a contribution from
B ∝ nX − nX¯ = 2gX(mXT )3/2e−
mX
T sinh
µX
T
.
If there exist B-violating reactions (first Sakharov’s condition) for the species X and X¯, such
as X + X → X¯ + X¯ , then the chemical potential is zero, µX = 0. As a consequence, also
the relative contribution of the X particles to the net baryon number vanishes. Therefore,
only a departure from thermal equilibrium can allow for a finite baryon excess, that means
that the form of nX,X¯ has to be modified,
The typical example of the out-of equilibrium decay can be represented by the following
steps: Let X be a heavy particle such that mX > T at the decay time, and let X → Y +B
the decay process. When the energy of the final state is given by EY+B ∼ O(T ), then there
is no phase space for the inverse decay to occur. The final state Y +B does not have enough
energy to create a heavy particle X (the rate for Y +B → X is Boltzmann suppressed, i.e.
Γ(Y +B → X) ∼ e−mX/T ).
Appendix B: The physics of Sphalerons
In the EW theory, the most general Lagrangian invariant under the SM gauge group
and containing only color singlet Higgs fields is automatically invariant under global abelian
symmetries. The latter are associated to the baryonic and leptonic symmetries. It is hence
not possible to violate B and L at tree level, as well as in any order of perturbation theory.
The perturbative expansion, however, does not describe all the dynamics of the theory.
’t Hooft provided a scenario in which nonperturbative effects (instantons) may give rise to
processes which the combination B+L is violated, whereas the (orthogonal) combination B−
L does not. In some circumstances, such as the early Universe at very high temperature, the
processes that violate the baryon and lepton number may be fast enough. These processes
may be significant role for baryogenesis mechanisms.
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At the quantum level, the baryon and lepton symmetries are anomalous (triangle
anomaly)
∂JµB = ∂µJ
µ
L = nf
(
g2
32π2
W aµνW˜
aµν − g
′2
32π2
FµνF˜
µν
)
where g, g′ are the gauge coupling of SU(2)L and U(1)Y , nf the number of families,
W˜ aµν =
1
2
ǫµναβW aαβ
the dual of SU(2)L field strength tensor,
F˜ µν =
1
2
ǫµναβFαβ
the dual of U(1)Y field strength tensor. The change of baryon number, which is closely
related to the vacuum structure of the theory, is given by
∆B = B(tf )−B(ti) =
∫ tf
ti
∫
d3x∂µJBµ = nf [NCS(tf)−NCS(t0)] ,
with
NCS(t) =
g2
32π2
∫
d3xǫijkTr
(
Ai∂jAk +
2
3
igAiAjAk
)
.
NCS is the Chern-Simons number. For vacuum to vacuum transition, the field A represent a
(pure) gauge configuration, whereas the Chern-Simons numbers NCS(tf) andNCS(ti) assume
integer values. In a non-abelian gauge theory, there are infinitely many degenerate ground
states (labeled by the Chern-Simons number ∆NCS = ±1,±2,±3, . . .). In field space,
the corresponding point are separated by a potential barrier. The height of his barrier
gives the sphaleron energy Esp. Because the anomaly, jumps in the Chern-Simons numbers
are associated with changes of baryon and lepton number ∆B = ∆L = nf∆NCS. The
smallest jump in the Standard Model is characterized by ∆B = ∆L = ±3. In semiclassical
approximation, the probability of tunneling between neighboring vacua is determined by
instanton configurations.
In the Standard Model, SU(2) instanton lead to an effective 12-fermion interaction
OB+L = Πi=1,2,3qLiqLiqLilLi ,
which describes processes with ∆B = ∆L = 3, such as
uc + dc + cc → d+ 2s+ 2b+ t + νe + νµ + ντ .
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The transition rate is given by Γ ∼ e−Sinst ∼ O(10−165), where Sinst is instanton action.
Because the rate is extremely small, B+L violating interactions appear completely negligible
in the Standard Model. However this is not true in a thermal bath, and hence in the
primordial Universe. As emphasized by Kuzmin, Rubakov, and Shaposhnikov, transition
between the gauge vacua occurs not by tunneling but through thermal fluctuations over the
barrier. For temperature T > Esp, the suppression in the rate provided by Boltzmann factor
disappears and therefore processes that violate B+L can occur at a significant rate. In the
expanding Universe these processes can be in equilibrium .
Appendix C: The power spectrum of the Gravitational Waves
The function h(x, τ) ≡ h appearing in (5) satisfies the equation (from Einstein field
equation)
∂2τh+ 2
a˙
a
∂τh + k
2h = 0 .
The mode functions fk(τ) obey the minimally coupled Klein-Gordon equation
f ′′k +
(
k2 − a
′′
a
)
fk = 0 ,
where ′ = ∂τ . During de Sitter era, the scale factor a(τ) = −1/(HIτ) where HI is the Hubble
parameter, so that a solution is
fk(τ) =
e−ikτ√
2k
(
1− i
kτ
)
,
which matches the positive frequency ”flat space” solutions e−ikτ/
√
2k in the limit of kτ ≫
1. Substituting this solution in h(x, τ) (5), and using the canonical commutation relation
[ak, a
†
k′] = δkk′, we get the standard expression for two point correlation of gravitational
waves generated by inflation
〈h(x, τ)h(x, τ)〉inf ≡
∫
dk
k
(|hk|2)inf ,
with the spectrum of gravitational waves given by the scale invariant form (|hk|2)inf = 4π
H2I
m2p
.
Consider now the GWs modes that re-enter the horizon at the radiation era a(τ) ∼ τ . One
finds that the GWs have the two point correlation fluctuation
〈h(x, τ)h(x, τ)〉rad ≡
∫
dk
k
(|hk|2)rad ,
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where
hradk = h
inf
k
a(T )
k
T 2 1.67
√
g∗
mP
,
and g∗ = 106.7 is the number of relativistic degrees of freedom which for the Standard Model
There is a stringent constraint HI/Mp < 10
−5 from CMB data [202]. This constraint
limits the parameter space of interactions that can be used for generating the requisite
lepton-asymmetry. In the radiation era, when these modes re-enter the horizon, the am-
plitude redshifts by a−1 from the time of re-entry. The reason is that in the radiation era
a(τ) ∼ τ and the equation for fk gives plane wave solutions fk = (1/
√
2k)exp(−ikτ). There-
fore in the radiation era the amplitudes of h redshifts as a−1. The gravitational waves inside
the horizon in the radiation era will be hradk = h
inf
k
ak
a(τ)
= hinfk
T
Tk
, where hinfk are the grav-
itational waves generated by inflation, ak and Tk are the scale factor and the temperature
when the modes of wavenumber k entered the horizon in the radiation era. The horizon
entry of mode k occurs when
akHk
k
=
a(T ) T Hk
Tk k
= 1 ,
where
Hk = 1.67
√
g∗T
2
k /Mp
is the Hubble parameter at the time of horizon crossing of the k the mode. Solving equation
for Tk we get
Tk =
1
1.67
√
g∗
kMp
a(τ) T
.
The amplitude of the gravitational waves of mode k inside the radiation horizon is (using
the equation for Tk and the previous expression for
hradhradk = h
inf
k
a(T )
k
T 2 1.67
√
g∗
Mp
.
Note that the gravitational wave spectrum inside the radiation era horizon is no longer scale
invariant. The gravitational waves in position space have the correlation function
〈h(x, τ)h(x, τ)〉rad =
∫
dk
k
(hradk )
2 ,
and hence for the spin connection B0 generated by the inflationary gravitational waves in
the radiation era, we get
〈B0(x, τ)B0(x, τ)〉 =
∫
dk
k
(
k
a
)2
(hradk )
2 =
4
π
(
HI
M2p
T 2 1.67
√
g∗
)2 ∫ kmax
kmin
dk
k
.
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The spectrum of spin-connection is scale invariant inside the radiation horizon. This is
significant in that the lepton asymmetry generated by this mechanism depends upon the
infrared and ultraviolet scales only logarithmically. The scales outside the horizon are blue-
tilted which means that there will be a scale dependent anisotropy in the lepton number
correlation at two different space-time points
〈∆L(r)∆L(r′)〉 ∼ Akn , n > 0 ,
where
∆L(r) ≡ L(r)− L¯ ,
is the anisotropic deviation from the mean value. Unlike in the case of CMB, this anisotropy
in the lepton number is unlikely to be accessible to experiments. Nucleosynthesis calculations
only give us an average value at the time of nucleosynthesis (when T ∼ 1MeV ). The
maximum value of k are for those modes which leave the de Sitter horizon at the end
of inflation. If inflation is followed by radiation domination era starting with the re-heat
temperature TRH then the maximum value of k in the radiation era (at temperature T ) is
given by kmax/a(T ) = HI
(
T
TRH
)
. The lower limit of k is kmin = e
−Nkmax which are the
modes which left the de-Sitter horizon in the beginning of inflation (N is the total e-folding
of the scale factor during inflation, N ≃ 55 − 70). The integration over k then yields just
the factor ln(kmax/kmin) = N .
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perturbations allow for the primordial gravitational waves.
[204] Notice that due to U(1) symmetry there is a conserved current given by
J¯µ = Jµ − M
4
4
M65
[
4RµνJ
nu− R
3
Jµ − 4
3
|∇ϕ|2Jµ + i4 (ϕ∗∇µϕ(∇ϕ∗)2 − ϕ∇µϕ∗(∇ϕ)2)] .
[205] It is worth nothing that by making use of the dimensional regularization [135], for example,
one infers
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)
.
[206] The anomaly trace is typically expressed in term of curvature tensors and their covariant
derivatives, as well as mass-terms[132, 136], i.e.
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where the coefficients c1,2(m) are combinations of (power) mass fields, N0,1/2,1 is the number
of the quantum matter of boson, fermion and vector fields. The coefficients ci are subject
to a finite renormalization, becoming free parameters of the theory. For our purpose we can
neglect the mass-terms since the fields are relativistic, keeping in mind however, that the
procedure of renormalization gives rise to purely geometric terms which appear in the final
expression of the trace anomaly.
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TABLE III: Vierbeins transformations
Under coordinate transformations Under local Lorentz transformations
the vierbeins eaµ(x) transform as the vierbeins e
a
µ(x) transform as
e′ aµ(x
′) = ∂x
ν
∂x′µ e
a
ν(x) e
′ a
µ(x
′) = Λab(x) e
b
ν(x)
ξ′ a(x′) = ξa(x) whereas xµ does not transform
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